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The world is currently facing an amphibian extinction crisis and wild salamanders and
newts (Order: Caudata) are the most disadvantaged with 52% of species threatened. Captive
breeding programs are been established to act as assurance colonies, but they are
overwhelmingly failing due to the lack of environmental cues to stimulate reproduction and other
factors. Therefore, assisted reproductive technologies (ART) are being developed to overcome
these barriers. This project expands upon the limited existing information on caudate ART
through studies in the model species, Ambystoma tigrinum, for application to threatened species.
Specific objectives included the characterization of motility longevity in artificially collected
sperm samples, investigation of cryoprotective agents and freeze rates in sperm cryopreservation,
and application of ART in three at-risk newt species. This study informs needed future advances
in caudate ART protocols, especially sperm cryopreservation, and demonstrates their
transferability to threatened species across families.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
Amphibian conservation
The amphibian extinction crisis and ex situ conservation
The present global amphibian extinction crisis has been well recognized over the past few
decades with 41% of species estimated to be threatened with extinction (Bishop et al., 2012;
IUCN, 2020b; Pechmann & Wilbur, 1994; Stuart et al., 2004). Main threats include habitat loss,
overexploitation, emerging infectious diseases, principally chytridiomycosis, or synergistic
combinations of factors (Blaustein et al., 2011; Silla & Byrne, 2019; Stuart et al., 2004).
Unfortunately, long-term, in situ solutions to these risks remain intangible and have led to the
need to establish ex situ captive breeding programs (CBPs) (Gascon et al., 2007; Scheele et al.,
2014; Wren et al., 2015). CBPs are founded with rescued, wild individuals to prevent species
extinction, generate offspring for reintroductions, and raise public awareness (Browne et al.,
2019; Guy et al., 2020; Silla & Byrne, 2019). While there have been 35 successful amphibian
CBPs with reintroductions into the wild noted in the literature, most have been unable to reliably
and predictably initiate breeding behavior, achieve high rates of fertilization, or produce viable
offspring (Harding, Griffiths, & Pavajeau, 2016; Kouba, Vance, & Willis, 2009; Silla & Byrne,
2019). The limits of CBPs have been attributed to incompatible mate pairings, asynchronous
production of gametes, captivity-related stress, and lack of social and environmental stimuli to
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prompt amphibian breeding in captivity (Kouba et al., 2012; Kouba et al., 2009; Kouba & Vance,
2009; Silla & Byrne, 2019).
Assisted reproductive technologies (ART), such as exogenous hormone therapy, artificial
insemination/in vitro fertilization (AF/IVF), and gamete cryopreservation, have been developed
to circumvent issues related to poor reproduction in amphibian CBPs (Browne et al., 2019;
Clulow & Clulow, 2016; Kouba & Vance, 2009; Silla & Byrne, 2019). Potential benefits of the
use of ART in CBPs include but are not limited to: improved species propagation, extended
breeding periods, increased genetic diversity and adaptive potential of populations, easy and
inexpensive transport of genetic material, and reduced need for brumation (associated with
diseases) and large, structurally complex breeding enclosures (Kouba & Vance, 2009; Silla &
Byrne, 2019). In fact, ART has been valuable for several anuran (frog and toad) CBPs and has
allowed for releases of the following species: the boreal toad (Anaxyrus boreas), Mississippi
gopher frog (Lithobates sevosus), northern Corroboree frog (Pseudophryne pengilleyi), Puerto
Rican crested toad (Peltophryne lemur), and Wyoming toad (Anaxyrus baxteri) (Kouba et al.,
2012; Silla & Byrne, 2019).
However, ART application in amphibian ex situ conservation does not end at CBPs.
There is limited space and resources for CBPs which only have the means to maintain viable
populations for around 50 species globally, while hundreds of species are at risk of extinction
(Bishop et al., 2012; Browne et al., 2019; Clulow, Trudeau, & Kouba, 2014). Therefore, the use
of genome resource banks (GRBs), cryopreserved germplasm reservoirs held in an arrested
metabolic and structural state, were added to the International Union for Conservation of Nature
(IUCN) Amphibian Conservation Action Plan (ACAP) in 2007 and have been suggested for 90%
of the species needing CBPs (Browne et al., 2019; Gascon et al., 2007). GRBs can help relieve
2

spatial and economic stress and offer new conservation benefits by allowing: extended
generation times, increased efficiency of captive breeding, minimized removal of in situ animals,
and by acting as species survival insurance and a source of DNA for other disciplines (Gascon et
al., 2007; Kouba et al., 2013; Kouba & Vance, 2009; Soulé, 1991). The overall goal of GRBs
for conservation is to help maintain 90% of a species’ gene variation for the next 100 years
(Soulé, 1991). So far, the sperm of more than thirty anurans species and four caudates (newt and
salamander) have been successfully frozen (Clulow & Clulow, 2016; Kouba & Vance, 2009) and
fertilization from cryopreserved sperm has occurred in several amphibian species (Browne et al.,
2019; Kouba et al., 2009; Poo & Hinkson, 2019).
Caudate status and ex situ conservation
While all orders of amphibians are facing population declines, caudates are the most
affected with ~ 52% of species listed as vulnerable, threatened, or endangered as opposed to
~ 31% of Anura and ~ 8% of Gymnophiona (IUCN, 2020b). However, according to the
literature, there is low representation of caudates in captive breeding and reintroduction
programs with a total of 33 species represented globally, only two of which have been
reintroduced (Harding et al., 2016). This small number of programs is partially due to caudates’
poor sustainability and low visibility on exhibit which has led them to be further
underrepresented in ART. In fact, there are less than ten articles specifically on caudate ART
and all have been published within the last decade (Figiel, 2013; Mansour, Lahnsteiner, &
Patzner, 2011; Peng, Xiao, & Liu, 2011; Stoops, Campbell, & Dechant, 2014; Unger, Mathis, &
Wilkinson, 2013; Uteshev et al., 2015; Zhao et al., 2012)
Other reasons caudate ART is underdeveloped are their limited geographic distribution
and the challenging nature of their fertilization strategy. A significant amount of effort to
3

develop amphibian ART occurs in Australia, which lacks any native salamanders or newts, thus
putting the burden of caudate ART development on the few researchers in North America and
Eurasia. Moreover, ~90% of caudates (excluding the families Hynobiidae, Cryptobranchidae,
and presumably Sirenidae) exhibit internal fertilization through the production of a
spermatophore, a conical, gelatinous packet of spermatozoa (Duellman & Trueb, 1994). The
female collects and stores the spermatophore in a cloacal structure called a spermatheca, until the
eggs are fertilized as they pass through the cloaca during oviposition. The spermatophore is less
readily manipulated than sperm collected in the urine of anurans and requires mechanical or
chemical breakdown for IVF. Additionally, artificial insemination, the most parallel replication
of natural caudate reproduction, is more invasive than IVF, which mimics the natural external
fertilization in anurans. These differences in modes of reproduction also limit the transferability
of the well-developed anuran ART protocols (Clulow et al., 2014).
Caudate assisted reproductive technologies
Exogenous hormone therapy for gamete development and expression
One of the fundamental goals of ART in any species is the efficient and reliable
attainment of mature gametes. Naturally in amphibians, the hypothalamic-pituitary-gonadal axis
(HPG axis) is stimulated by environmental and social factors that first induce the release of the
decapeptide gonadotropin-releasing hormone (GnRH), also known as luteinizing-releasing
hormone (LHRH), from the hypothalamus (Kouba et al., 2012). GnRH molecules then travel to
the anterior pituitary to cause the secretion of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH), which subsequently act on the gonads to induce steroidogenesis and gamete
maturation and expression. Dopamine (DA) may also play a role by downregulating the release
of LH and therefore inhibiting reproduction (Silla & Byrne, 2019).
4

As mentioned before, the necessary stimuli to activate the HPG axis are often absent for
amphibians in captivity. To overcome this barrier, synthetic analogs to these hormones can be
administered to stimulate gamete development and release. The two most commonly used
exogenous hormones in amphibians are GnRH-analog (GnRH-a) and human chorionic
gonadotropin (hCG), which can be used individually or in combination (Kouba et al., 2009; Silla
& Byrne, 2019). GnRH-a acts on the anterior pituitary to release natural LH, while hCG mimics
LH and directly effects the gonads (Silla & Byrne, 2019). Both have been shown to be effective
in both sexes of amphibians, however, responses appear to be species-specific (Kouba et al.,
2009). In general, GnRH-a tends to be considered more effective than hCG because lower doses
are required and it triggers the endocrine pathway are an earlier stage (Kouba et al., 2009; Silla
& Byrne, 2019). DA antagonists, such as metoclopramide (MET), are also worth mentioning as
they are thought to further increase the release of LH and often come packaged with GnRH-a in
aquaculture products (i.e. Ovopel®; Silla & Byrne, 2019).
Hormone use for oogenesis, ovulation, and oviposition
So far, a range of exogenous hormones and their combinations have been successfully
used in females of four species of caudates, Ambystoma mexicanum, Ambystoma tigrinum,
Necturus beyeri and Pleurodeles waltl (Table 1.1, Marcec, 2016; Mansour, Lahnsteiner, &
Patzner, 2011; Stoops, Campbell, & Dechant, 2014; Uteshev et al., 2015). GnRH-a alone was
effective in inducing ovulation and oviposition and in N. beyeri and P. waltl, although both
studies had low numbers of animals (n = 1 – 2; Stoops, Campbell, & Dechant, 2014; Uteshev et
al., 2015). Additionally, the N. beyeri control female oviposited directly before the treated
individual (Stoops, Campbell, & Dechant, 2014). hCG alone also elicited a response in A.
mexicanum and P. waltl (Mansour, Lahnsteiner, & Patzner, 2011; Uteshev et al., 2015).
5

However, Mansour et al. (2011) had as much success utilizing Ovopel® pellets, GnRH-a +
MET, in A. mexicanum as with hCG, whereas, Marcec (2016) administered a combination of
GnRH-a and hCG in A. tigrinum with a 100% response rate. While differences probably existed
between the egg development prior to treatment, these studies indicate that caudate females are
receptive to both GnRH-a and hCG and that species-specific effects do not necessarily exist in
regard to oviposition as observed with anurans.
Hormone use for spermatogenesis and spermiation
As for exogenous hormone use in males for spermatogenesis and spermiation, the same
four species of caudates have been investigated but primarily with GnRH-a or hCG alone (Table
1.2; Marcec, 2016; Mansour, Lahnsteiner, & Patzner, 2011; Stoops, Campbell, and Dechant,
2014; Uteshev et al., 2015). A single dose of GnRH-a was effective in inducing gametogenesis
and expression in A. tigrinum, N. beyeri, and P. waltl (Marcec, 2016; Stoops, Campbell, &
Dechant, 2014; Uteshev et al., 2015). However, the attempts of stimulation in a single male N.
beyeri were not successful initially and spermatophore deposition occurred over a month after
hormone administration in subsequent trials (Stoops, Campbell, & Dechant, 2014). Marcec
(2016) also had similar responses to a single dose of GnRH-a or two doses (73.3%) as well as an
overall higher response than to hCG (33.3 – 53.3%). While, Uteshev et al. (2015) found GnRHa produced higher total numbers of sperm than hCG, Mansour et al. (2011) found the opposite in
A. mexicanum with the use of hCG and Ovopel® pellets. However, Uteshev et al. (2015) used a
higher dose of hCG than Mansour et al. (2011), which may have inhibited the reproductive
response (Silla & Byrne, 2019). Overall, caudate males appear receptive to both GnRH-a and
hCG for spermatogenesis and spermiation over extended timeframes, but gamete quantity varies
more than that observed in females among treatments.
6

Table 1.1

Summary of hormone administration protocols for ovulation and ovoposition in caudates.

Family /
Route of
Species
Hormone administration Effective dose/s
Ambystomatidae
Ambystoma hCG
IM injection 150 - 200 IU hCG
mexicanum
Ambystoma GnRH-a
tigrinum

Salamandridae
Pleurodeles GnRH-a
waltl
Proteidae
Necturus beyeri GnRH-a

Response
100%
(10/10)

Time to
response

Less effective protocols Reference

24 – 30 hours 1/3 Ovopel pellet
Mansour,
(GnRH-a + MET), 50 & Lahnsteiner,
100 IU hCG
and Patzner,
2011
13 – 17 hours P: 0.05 µg/g GnRH-a, Marcec,
S: 0.25 µg/g GnRH-a
2016
and 100 IU hCG + 0.05
µg/g GnRH-a

IM injection

P: 0.025 µg/g GnRH- 73.3%
a, S: 0.1 µg/g GnRH- (11/15)
a and 0.50 µg/g
GnRH-a

IM injection

50 µg GnRH-a

100% (4/4) 36 – 48 hours 500 IU hCG

IP injection

100 µg GnRH-a

100% (1/1) 4 days

Stoops,
Campbell,
and Dechant,
2014
Abbreviations: hCG, human chorionic gonadotropin; GnRH-a, gonadotropin-releasing hormone-analog; IM, intramuscular; IP,
intraperitoneal
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N/A

Uteshev et
al., 2015

Table 1.2

Summary of hormone administration protocols for spermiation in caudates.

Family /
Route of
Time to
Species
Hormone administration Effective dose/s Response response
Ambystomatidae
Ambystoma hCG
IM injection
150 - 200 IU
100%
10 - 24
mexicanum
hCG
(10/10)
hours
Ambystoma GnRH-a
tigrinum

Salamandridae
Pleurodeles GnRH-a
waltl
Proteidae
Necturus beyeri GnRH-a

Less effective
protocols
1/3 Ovopel pellet
(GnRH-a + MET),
50 & 100 IU hCG

IM injection

P: 0.025µg/g
GnRH-a,
S: 0.1 µg/g
GnRH-a and
0.50 µg/g
GnRH-a

73.3%
(11/15)

1 - 72
hours

P: 0.05 µg/g GnRHa,
S: 0.25 µg/g GnRH-a
and
100 IU hCG +
0.05 µg/g GnRH-a

IM injection

50 µg GnRH-a

100%
(4/4)

3 - 120
hours

500 IU hCG

IP injection

100 µg GnRH-a

100%
(1/1)

33 days

N/A

Reference
Mansour,
Lahnsteiner,
and Patzner,
2011
Marcec,
2016

Uteshev et
al., 2015

Stoops,
Campbell,
and Dechant,
2014
Abbreviations: hCG, human chorionic gonadotropin; GnRH-a, gonadotropin-releasing hormone-analog; IM, intramuscular; IP,
intraperitoneal
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Gamete collection
Once caudates are hormonally stimulated, they may naturally release gametes volitionally
or artificially manipulated via external pressure to the abdomen and/or pelvis (Marcec, 2016;
Mansour, Lahnsteiner, & Patzner, 2011; Stoops, Campbell, & Dechant, 2014; Uteshev et al.,
2015). Such abdominal massage towards the cloaca has been described in A. mexicanum, A.
tigrinum, and P. waltl for the collection of both eggs and spermatozoa (Marcec, 2016; Mansour,
Lahnsteiner, & Patzner, 2011; Uteshev et al., 2015). All species studied in publication for
exogenous hormone therapy are internal fertilizers and therefore males naturally deposit
spermatophores. However, when males are manually stripped for spermatozoa other forms, such
as milt and spermic urine are produced. Milt is described to be a milky, viscous sample with a
high concentration of spermatozoa, while spermic urine is a clear, free-flowing solution
comprised of mostly urine and has a lower concentration of sperm (Marcec, 2016). In general,
sperm expressed as milt and spermic urine are easier to manipulate than when embedded in the
gelatinous matrix of the spermatophore capsule. As described before, use of the spermatophore
for IVF requires dissolution of the capsule to free the sperm from the immobilizing matrix,
whereas the fluid nature of the milt of spermic urine is already suited for IVF.
Gamete Storage
Asynchronous production of gametes is common in amphibians housed in captivity,
necessitating the storage of gametes so that both eggs and sperm are available at the same time.
Amphibian eggs have short fertility windows (i.e., 3 – 6 hours) once oviposited and are not
amenable to cryopreservation, so focus has been put on the storage of spermatozoa (Kouba,
Vance, & Willis, 2013; Silla & Byrne, 2019). In anuran sperm, cold storage (0 – 4ºC) and
isosmotic mediums (~ 220 – 280 mOsm/kg), causing reduced motility, have been found to
9

preserve sperm viability for several days (Browne et al., 2019; Kouba, Vance, & Willis, 2013;
Silla & Byrne, 2019). Activation factors of caudate sperm are still being explored and,
consequently, the optimum environment for storage is still in development.
Storage mediums and sperm motility
Osmolality
A drop in osmolality from that of the testes activates motility in anuran sperm, however,
there have been contradictory findings regarding the influence of osmolality on caudate sperm.
Hardy and Dent (1986) first found that low osmolality activated sperm motility in
Notophthalamus viridescens viridescens and therefore suggested storage at ≥110 mOsm/kg,
based on spermatic fluid and blood plasma, to hold sperm immotile. Similar results of lowosmolality active motility have been found for Cynops pyrrhogaster (Ukita et al., 1999;
Watanabe & Onitake, 2003). Conversely, Gordon (1981) found 200 mOsm/kg be to the
optimum for the highest motility in N. v. viridescens. Mansour (2011) further demonstrated that
low osmolality is suited for caudate sperm when lower hatching rates were observed following
IVF using sperm stored at osmolalities ≥150 mOsm in A. mexicanum, while Matsuda and
Onitake (1984) found the opposite result in fertilization of C. pyrrhogaster eggs. Marcec (2016)
observed no effect of osmolality on A. tigrinum sperm motility, with motility exhibited in both
low osmolality mediums and high osmolality cryosolutions (~700 mOsm/kg). Species and
whether the sperm was collected from testes macerates or artificially expressed in urine may
have affected sensitivity to osmolality.
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Media ion composition
Ions that may be relevant to motility in caudate sperm include sodium, potassium, and
calcium. All three have been observed to affect sperm motility in C. pyrrhogaster (Ukita et al.,
1999; Watanabe & Onitake, 2003; Watanabe et al., 2003). While in N. v. viridescens, Hardy and
Dent (1986) only found a stimulatory effect from increasing potassium and Gordon (1981)
observed higher motility from increasing calcium chloride. Again, there may be species-specific
differences and an effect from the method the sperm was collected.
Cold storage
Unlike anurans, the time frame for which caudate sperm remains motile, either at ambient
or cold temperatures, has been examined in only a few studies with a wide range of outcomes
and variability within caudate families (Table 1.3. However, the form of the sperm collected
varied or was not specified in these studies. Marcec (2016) found A. tigrinum milt stored at 4°C
maintained motility up to 48 hours but with a 20% drop in total motility within the first half
hour. On the other hand, Mansour et al. (2011) reported that A. mexicanum sperm motility, of
unspecified semen type, was sustained for up to 4 hours when sperm was held at 4°C, but only
for 1 hour at room temperature.
In other caudate families such as Cryptobranchidae and Salamandridae, cold storage also
led to prolonged sperm motility, but for even longer durations (Gordon, 1981; Peng et al., 2011;
Unger et al., 2013; Uteshev et al., 2015; Zhao et al., 2012). In P. waltl, sperm motility remained
high, > 50%, over 24 hours, dropping to about 15% at 72 - 96 hours, and finally nearing 0% at
120 hours at 4°C (Uteshev et al., 2015). Cryptobranchus alleganiensis sperm held at 5°C was
reported to maintain 50 - 70% motility for up to 3 days with a 40 – 50% drop from initial
estimates after 4 days (Unger et al., 2013). Zhao et al. (2012) and Peng et al. (2011) stated that
11

Andrias davidanus semen motility lasted 3 and 6 - 9 days at 0 - 4°C, respectively. Whereas at
room temperature, they reported motility lasting for only 0.5 and 3 - 5 days, in their respective
studies. However, sperm storage at 0°C resulted in a lower starting motility compared to sperm
stored at 4°C following equilibration (Peng et al., 2011). This is comparable to the trend Gordon
(1981) found in N. v. viridescens, where motility peaked at 22°C and generally decreased with
lower temperatures. Moreover, the work on N. v. viridescens found that motility initially
increased over time with a maximum at 5 hours and subsequently decreased. This indicates that
there could be taxonomic differences in sperm motility and longevity at different temperatures.
Cryopreservation
As mentioned previously, amphibian semen has been successfully frozen in numerous
species, further extending the lifespan of sperm. The two main factors that affect sperm
cryopreservation success are freeze rate and cryoprotective agents (CPAs), which are additives
intended to increase post-thaw survival of sperm cells. Variation in freeze rate influence
cryopreservation with slow temperature changes leading to external ice crystal formation,
dehydration of cells and exposure of membranes to hypertonic solutions, while fast thermal
alterations cause the development of intracellular ice crystals (Chenoweth & Lorton, 2014).
CPAs can disrupt these negative these effects by interacting with water molecules to lower the
freezing point and reduce ice formation, preventing deleterious consequences of ice on
membrane and DNA structure and integrity (Chenoweth & Lorton, 2014; Fuller, 2004). Other
CPA paths of cell protection include increasing the viscosity of the media, stabilizing the
membrane, and scavenging oxygen free radicals (Fuller, 2004). However, CPAs may also
exhibit toxic effects through osmotic and chemical mechanisms if exposure to the cells is not
optimized. To counteract these detrimental outcomes the length of exposure to the CPA may be
12

minimized through shorter acclimation times and/or faster freeze rates (Chenoweth & Lorton,
2014). Spermatozoa cryopreservation techniques in caudates are primarily based on practices
developed in anurans, like other ART protocols, but most have reported low post-thaw motility
(≤ 20%, Table 1.4).
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Table 1.3

Summary of short-term cold storage for caudate spermatozoa.

Sperm
Family / Species
Type
Ambystomatidae
Ambystoma N/A
mexicanum

Ambystoma Milt
tigrinum
Cryptobranchidae
Andrias
Milt
davidianus
Milt

Cryptobranchus Milt
alleganiensis

Salamandridae
Pleurodeles waltl N/A

Medium

Temperature Lighting

Duration of
Motility

Reference

N/A

4ºC

N/A

4 hr

Mansour,
Lahnsteiner,
and Patzner,
2011

N/A

4ºC

N/A

48 hr

Marcec, 2016

N/A

0 - 4ºC

N/A

6-9 days

Peng, Xiao,
and Liu, 2011

0.1665 M glucose,
0.0513 M NaCl,
0.0020 M KCl,
0.0014 M CaCl2,
0.0036 M NaHCO3
N/A

0 - 4ºC

20 lx

84 hr

Zhao et al,
2012

5ºC

N/A

at least 4 days

Unger,
Mathias, and
Wilkinson,
2013

N/A

4ºC

N/A

120 hr

Uteshev et al.,
2015
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Table 1.4

Summary of cryopreservation methods for caudate spermatozoa.

Sperm Concentration
Family / Species
Type
(sperm/mL)
Ambystomatidae
Ambystoma SP
N/A
mexicanum
Ambystoma Milt
tigrinum
Cryptobranchidae
Andrias Milt
davidianus
Cryptobranchus Milt
alleganiensis

Cryovesicle

Cryoprotectant

Equilibration

Reference

1 mL cryule vial

10% sucrose,
SAR, or
spring water

N/A

Figiel,
2013

1 x 106

0.25 mL
cryostraw

5% Me2SO +
5% trehalose

4ºC for 5 min

Marcec,
2016

N/A

N/A

10% Me2SO

4 - 8ºC for 30
min

1:3 semen:
extender

0.5 mL
cryostraw

2.5% Me2SO

3 min

Peng, Xiao,
and Liu,
2011
Unger,
Mathias,
and
Wilkinson,
2013

Abbreviations: SP, spermatophore; SAR, simplified amphibian ringer’s solution; Me2SO, dimethyl sulfoxide
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Table 1.4 (continued) Summary of cryopreservation methods for caudate spermatozoa.

Family / Species Freeze Protocol Thaw Protocol
Ambystomatidae
Ambystoma ~ 10 - 300ºC/min Water bath:
mexicanum
25ºC for 5 min
or 40ºC for 3.3
min
Ambystoma 20 cm above
Dry: 20ºC for 5
tigrinum LN2 for 15 min
min or
water bath:
40ºC for 5 sec
Cryptobranchidae
Andrias Step-freezing to Water bath:
davidianus -196ºC
26 - 28ºC
Cryptobranchus Immediately to
alleganiensis -80ºC

Water bath:
35ºC for 10 sec

Abbreviations: LN2, liquid nitrogen
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Results

Reference

64.7 ± 29.5%
and
86.7 ± 8.0%
viability staining
28.7 ± 7.6%
and
30.9 ± 9.9%
motility

Figiel,
2013

10 - 15%
motility

Peng, Xiao,
and Liu,
2011
Unger,
Mathias,
and
Wilkinson,
2013

20% motility

Marcec,
2016

Cryoprotective agents
The CPAs that have been applied to anuran and caudate sperm include dimethyl
sulfoxide (Me2SO), dimethylformamide (DMF), and the sugars sucrose and trehalose (Table 1.4;
Figiel, 2013; Guy et al., 2020; Kouba et al., 2013; Kouba & Vance, 2009; Langhorne, 2016;
Marcec, 2016; Peng et al., 2011; Unger et al., 2013). Me2SO and DMF are considered internal
CPAs because of their ability to permeate the cell membrane through simple diffusion, while
sugars are non-permeable and therefore, recognized as external CPAs (Fuller, 2004). DMF,
trehalose, and their combinations are considered novel but promising CPAs for amphibian sperm
cryopreservation (Browne et al. 2019; Langhorne, 2016; Poo & Hinkson, 2019). Bovine serum
albumin (BSA) is another additive utilized in amphibian cryopreservation for its osmoregulatory
and antioxidant properties that stabilize the cell membrane, but which does not directly affect ice
formation (Li et al., 2018; Shaliutina-Kolešová et al., 2019; Uysal, Korkmaz, & Tosun, 2005;
Uysal & Bucak, 2007). While anuran semen has been shown to be very tolerant of these CPAs
(John Clulow & Clulow, 2016; Langhorne, 2016), toxicity has not been formally assessed in
caudates.
Me2SO has formerly been used in A. tigrinum (Marcec, 2016), Andrias davidianus (Peng
et al., 2011), and Cryptobranchus alleganiensis (Unger et al., 2013) with varying optimum
concentrations among species. Marcec (2016) evaluated a cryosolution of 5% Me2SO with
various additives for sperm from A. tigrinum, of which 5% trehalose resulted in the highest
average post-thaw total motility. The author recommended further evaluation of Me2SO and
trehalose at higher concentrations. In A. davidianus, the optimum concentration was 10%
Me2SO with 10 – 15% total post-thaw sperm motility (Peng et al., 2011). However, in C.
alleganiensis, 2.5% Me2SO resulted in 20% post-thaw motility while higher concentrations (10
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and 15%) resulted in less than 5% motility (Unger et al., 2013). Species-specific sensitivities are
known to exist for sperm collected from many animals though and may explain this observation.
DMF has not been previously applied in caudate sperm cryopreservation but is frequently used in
combination with trehalose in anurans (Browne et al., 2019; Clulow & Clulow, 2016; Kouba &
Vance, 2009; Langhorne, 2016).
Both sucrose and trehalose have been utilized in anuran and caudate cryopreservation.
Figiel (2013) found that 10% sucrose in Ambystoma mexicanum spermatophores had a high
success of post-thaw viability (> 60%) using a live/dead stain, although motility was not
assessed. However, the natural components of spermatophores in that study may have offered
additional protection from ice formation and osmotic stress. Additionally, Marcec (2016) found
5% sucrose in A. tigrinum had lower post-thaw total motility compared to 5% trehalose.
Freeze and thaw rates
Anurans have generally required slow freeze rates on the order of -5 – 10ºC/min (Clulow
& Clulow, 2016) while caudate sperm has been amendable to faster rates, up to -300ºC/min
while in the spermatophore (Figiel, 2013; Guy et al., 2020; Marcec, 2016; Unger et al., 2013). In
the absence of an automated freezer, the height above the LN2 can be modified to achieve a
desired sperm freezing rate. Marcec (2016) froze sperm at a height of 20 cm above LN2, higher
than typically used in anuran protocols, with 5% Me2SO + 5% trehalose that resulted in total
recovered sperm motility of 13.1 – 13.8%. While, Unger et al. (2013) found vitrification of
sperm collected from C. alleganiensis yielded the highest post thaw motility of 20%. Figiel
(2013) did not observe an effect of freeze rate on sperm viability in A. mexicanum
spermatophores although sperm motility was not assessable.
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The rate at which sperm is thawed also influences the success of cryopreservation due to
the potential of ice reformation cycles during the warming process as well as the course of
freezing. Caudate spermatozoa appear tolerant to a range of thaw rates. Marcec (2016) found
total motilities post-thaw after thawing at 20°C and 40°C in A. tigrinum were similar, although
abnormalities differed with higher amounts observed when thawing at 40°C. However, Figiel
(2013) found no effect of thawing on viability in A. mexicanum spermatophores.
Study species
Model species: the tiger salamander (Ambystoma tigrinum)
The tiger salamander is the largest of the mole salamanders (Family: Ambystomatidae)
reaching up to 35 cm total length and is comprised of six subspecies (Duellman and Trueb, 1994;
Lannoo, 2005). It is the most widespread salamander in the United States, observed along the
Atlantic and Gulf coast from Long Island, NY to southeast Louisiana and then north into
Tennessee and Kentucky. Populations also inhabit the Midwest, Great Plains, the eastern front
of the Rocky Mountains, and the Columbia Plateau. There are disjunct populations found in the
western and Appalachian states as well (Lannoo, 2005). The current IUCN listing is least
concern for this species (IUCN, 2020a).
The tiger salamander is an annual, aquatic breeder, migrating from upland overwintering
sites to breeding wetlands prompted by warm spring rains, saturation of the soil from melting
snow, and temperature changes (Duellman & Trueb, 1994; Lannoo, 2005). The actual time of
migration and breeding depends on latitude with earlier occurrences in Southern states. Males
tend to arrive before females and outnumber them 1 – 5.3:1 (Lannoo, 2005). Lentic, breeding
sites are usually seasonal, semi-permanent or fishless permanent wetlands but may also include
sites such as roadside ditches, quarry ponds, subalpine lakes, and sluggish streams (Lannoo,
19

2005). Courtship occurs within the water with males nudging and rubbing females, especially on
the tail, before leading them to a spermatophore (Duellman & Trueb, 1994). Females may also
prod males before picking up spermatophores for storage in the spermatheca. Oviposition occurs
a few hours to several days after mating and eggs are laid onto aquatic substrates (Duellman &
Trueb, 1994; Lannoo, 2005). Females may lay > 5,000 eggs across a up to a dozen clutches
(Duellman & Trueb, 1994).
Individuals reach maturity around 1 – 3 years (Duellman & Trueb, 1994). Males may be
the same size or slightly smaller than females and may have longer tails (Lannoo, 2005). During
times of high circulating testicular hormones in the mating season, males may also exhibit larger
cloacas, vents, lateral lobes, or cloacal glands (Duellman and Trueb, 1994). Spermatogenesis
increases during September – December and sperm is stored overwinter until the breeding season
in the early spring (Norris & Lopez, 2011).
Target species for ART application
The following Salamandridae species were selected from Caudata species housed at our
partner institution, the Fort Worth Zoo. Priority was given to species with threatened status,
based on their IUCN red listing, and those with the largest populations to allow for replication of
tested protocols. While all these species have been bred in captivity, exogenous hormone
therapy allows for collection of sperm as needed for IVF and cryopreservation, which in turn
allows for enhanced genetic management and other benefits outlined previously. Additionally,
hormone therapy has only been performed in Salamandridae once prior to this study and sperm
cryopreservation has yet to be attempted.
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Target species: the Kweichow newt (Tylototriton kweichowensis)
The Kweichow newt is part of the family Salamandridae and is currently listed as
vulnerable (IUCN, 2020b). It is distributed in the mountains of western Guizhou and northeast
Yunnan, China at altitudes of 1,800 – 2,300 m (Sparreboom & Thorn, 2014). This species
inhabits small ponds and slow steams and terrestrially favors moist, shady, grassy slopes.
Breeding occurs in shallow (depth < 1 m) ponds with algae and aquatic plants. The reproductive
season occurs from early May – early July, which corresponds with the rainy season. Males tend
to outnumber the females at breeding sites, especially in June and July. Ventral amplexus has
been recorded in the Kweichow newt and can possibly last 1 – 2 days (Sparreboom & Thorn,
2014).
Target species: the Iranian harlequin newt (Neurergus kaiseri)
The Iranian harlequin newt is also part of the family Salamandridae and is currently listed
as vulnerable (IUCN, 2020b). It is native solely to the central Zagos mountain range of Iran.
This species has only been documented in the wild during the spring and it is unclear where the
winter and summer months are spent (Sparreboom & Thorn, 2014). It is assumed that activity
and breeding begin in December – January with the onslaught of rainfall, leading to oviposition
in March – April, depending on altitude. The Iranian harlequin newt is thought to be a pondbreeder based on its small egg size (Sparreboom & Thorn, 2014), and eggs are laid in spring-fed
streams, pools, and stone troughs ranging from 500 – 1,430 m in altitude. Individuals reach
maturity at 3 – 4 years and a total length of 100 mm (Sparreboom & Thorn, 2014).
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Target species: the black-spotted newt (Notophthalmus meridionalis)
The black-spotted newt is part of the family Salamandridae and is listed as endangered by
the IUCN (2020b). It ranges from north Veracruz, Mexico to southern Texas and includes two
sub-species (Lannoo, 2005). Much of this species’ natural history is undocumented but
individuals have been found in permanent and temporary ponds, roadside ditches, and pools of
small streams. Breeding is suggested to occur with rainfall anytime of the year except December
– February (Lannoo, 2005). There are no known breeding migrations. Reproduction is aquatic
with eggs attached to submerged vegetation of shallow, ephemeral pools with firm clay bottoms
and rooted macrophytes. Age of maturity and longevity are unknown (Lannoo, 2005).
Summary
Assisted reproductive technologies and genome resource banks are critical to overcoming
population declines threatening salamanders and newts. However, there is has been limited
development in these technologies specific to Caudata, notably sperm short-term storage based
on collection type, cryopreservation, and the transference of protocols between species.
Therefore, this project expands upon the existing information on caudate ART through studies in
the model species, Ambystoma tigrinum, for application to threatened species. Specific
objectives included the characterization of motility longevity in artificially collected sperm
samples, investigation of cryoprotective agents and freeze rates in sperm cryopreservation, and
application of ART in three at-risk newt species. This study informs needed future advances in
caudate ART protocols, especially sperm cryopreservation, and demonstrates their transferability
to threatened species across families.
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CHAPTER II
SHORT-TERM STORAGE OF SALAMANDER SPERMATOZOA:
THE EFFECT OF COLLECTION TYPE,
TEMPERATURE, AND TIME
Introduction
Currently, 41% of amphibians are threatened due to habitat loss, overexploitation,
pollution, and emerging diseases (IUCN, 2020b). While captive breeding, release, and
relocation programs have been put in place over the last several decades, only 9% of threatened
species are represented in captive assurance colonies worldwide (Harding et al., 2016; IUCN,
2020b). Additionally, breeding of captive amphibian populations is difficult with only 14
reintroduction programs considered highly successful, and most challenges attributable to an
absence of environmental cues, incompatibility, or asynchronous production of gametes
(Harding et al., 2016; Kouba & Vance, 2009). Assisted reproductive technologies (ART), such
as hormone therapy, in-vitro fertilization (IVF) and gamete cryopreservation, can help overcome
these barriers by circumventing the missing environmental cues necessary for reproduction. In
the case of frogs and toads (order: Anura), ART have been beneficial for numerous captive
breeding and reintroduction programs of threatened species, including the boreal toad Anaxyrus
boreas, Mississippi gopher frog Lithobates sevosus, northern Corroboree frog Pseudophryne
pengilleyi, Puerto Rican crested toad Peltophryne lemur, and Wyoming toad Anaxyrus baxteri
(Kouba et al., 2012; Silla & Byrne, 2019). Unfortunately, for salamanders (order: Caudata)
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ARTs are lagging behind and have not been effectively incorporated into any breeding programs,
which is particularly alarming as more than 52% of caudates are threatened with extinction
(IUCN, 2020b).
There are several potential reasons behind the lack of ART development for caudates
including geographic distribution, fertilization strategy, and low representation in captive
collections. For example, the majority of caudate biodiversity is located in North America
(endemism > 30%); thus, other parts of the world like Australia, where ARTs are being
developed for anurans, have no native salamanders or newts. In addition, their poor
sustainability and low visibility as display animals have discouraged many zoos from
establishing captive breeding programs. Perhaps the greatest hurdle is that the majority of
salamanders and newts (excluding family Hynobiidae, Cryptobranchidae, and presumably
Sirenidae) all display internal fertilization, whereas external fertilization is observed in most
anurans (Duellman & Trueb, 1994). In anurans, IVF is straightforward and mimics the natural
behavior of a male directly depositing spermic urine on externally laid eggs (Kouba & Vance,
2009), while in caudates, the male naturally deposits a spermatophore (Figure 2.1A), which is a
gelatinous packet of spermatozoa. The female collects and stores the spermatophore in a cloacal
structure called a spermatheca, until the eggs are fertilized as they pass through the cloaca during
oviposition (Duellman & Trueb, 1994).

28

Figure 2.1

Figure 2.1

Forms of semen that can be collected from internally fertilizing caudates following hormone
induction include (A) spermatophore, (B) milt, and (C) spermic urine.

This reproductive strategy is difficult to replicate with ART because of the need to
mechanically or chemically break down the spermatophore for IVF. However, sperm can also be
artificially collected in other forms such as milt and spermic urine (Guy et al., 2020; Marcec,
2016). Milt is described to be a milky, viscous sample with a high concentration of spermatozoa,
while spermic urine is a clear, free-flowing solution comprised of mostly urine and lower
concentration of sperm (Figure 2.1B and 2.1C) (Guy et al., 2020). Both sample types can be
expressed following hormone administration and prior to final spermatophore packing, with milt
more frequently obtainable right after treatment (0.5 hour), while spermic urine is more
commonly collected at later time points (Guy et al., 2020). In general, sperm expressed as milt
and spermic urine are easier to manipulate than when embedded in the gelatinous matrix of the
spermatophore capsule. Analysis of sperm motility and concentration, or use of the sperm for
IVF, requires dissolution of the capsule to free the sperm from the immobilizing matrix, whereas
the fluid nature of the milt and spermic urine is already suited to these applications. Moreover,
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the spermatophore’s gel matrix limits cryoprotectant permeability compared to milt or spermic
urine for long term cryostorage of gametes. However, a distinction has rarely been made
between the two pre-spermatophore sample types, milt and spermic urine, when exogenous
hormone-stimulation was utilized to induce sperm expression (Mansour et al., 2011; Peng et al.,
2011; Uteshev et al., 2015; Zhao et al., 2012), except in the case of Marcec (2016). Furthermore,
milt and spermic urine have not been differentiated in their unique, physiological or biochemical
characteristics beyond the descriptions above.
Once milt or spermic urine is collected for IVF or cryopreservation, an understanding of
the duration of gamete viability at different temperatures and over time is necessary to establish
optimized protocols for assisted breeding and gamete storage. Anuran sperm viability and
motility is typically short-lived once expressed into a low osmotic environment (e.g. urine or
water) at ambient temperatures, prompting development of methods to extend motility and
viability, such as cold storage (0 - 4°C), aeration or addition of antibiotics (Browne, Clulow, &
Mahony, 2001; Browne, Davis, Pomering, & Clulow, 2002; Della Togna et al., 2018; Germano,
Arregui, & Kouba, 2013; Kouba & Vance, 2009; Silla & Byrne, 2019). Unlike anurans, the time
frame for which caudate sperm remains motile has been examined in only a few studies with a
wide range of outcomes within families including Ambystomatidae (Mansour et al., 2011;
Marcec, 2016), Cryptobranchidae (Peng et al., 2011; Unger et al., 2013; Zhao et al., 2012) and
Salamandridae (Gordon, 1981; Uteshev et al., 2015). In Ambystomatidae, the effect of storage
temperature on sperm motility has yet to be formally investigated, especially when examined
based on semen type, to determine the working timeframe for ART application. Therefore, the
purpose of this study was to: 1) evaluate the relationship of sperm motility over time at two
different storage temperatures; and 2) determine if sample type (milt or spermic urine) impacts
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the time and temperature decay rates for motility. The tiger salamander (Ambystoma tigrinum) is
the most widespread salamander in North America and is currently listed as least concern by the
IUCN Red List (IUCN, 2020a; Michael Lannoo, 2005). Thus, tiger salamanders serve as an
excellent model for other Ambystomid mole salamanders (e.g. A. californiense, cingulatum and
bishopi), which are exclusively endemic to North America and are the second most species-rich
caudate family in the United States (Michael Lannoo, 2005). In addition, due to their size and
internal fertilization, they are exceptional models to develop ARTs before application to other
threatened species.
Materials and methods
Experimental animals
Sexually mature, terrestrial, male tiger salamanders (n = 27) were held at Mississippi
State University (33.453880 latitude, -88.794090 longitude). Animals were either purchased
from private breeders or produced in the laboratory through IVF. Salamanders were housed in
tanks (30 cm x 46 cm x 66 cm) in groups of 3 - 6 animals on a substrate mixture of organic soil
and coconut fiber approximately 3 cm deep. A water dish, ceramic plate, and PVC tubing
refugia were furnished for each tank. In addition to ambient room lighting, type B ultraviolet
light was provided for each tank and set on a timer to mimic the light cycle within the tiger
salamander’s natural range within Mississippi. Ambient temperature averaged 20.5°C yearround. Animals were fed an alternating diet of crickets (Gryllodes sigillatus), mealworms
(Tenebrio molitor), and Dubia roaches (Blaptica dubia) three times a week and were
supplemented with calcium (Zoo Med Laboratories, Inc., CA, USA) and a vitamin mix
(Supervite, Repashy Ventures Inc., CA, USA) once a week by lightly dusting the insects
immediately prior to feeding (Pramuk & Gagliardo, 2012). Prior to hormone treatment, food
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was withheld for two to three days to prevent regurgitation and fecal contamination of samples
(Marcec, 2016). All husbandry and experimental protocols were reviewed and approved by the
IACUC at Mississippi State University (#17-189).
Exogenous hormone treatment and experimental design
Salamanders were treated with varying doses of gonadotropin-releasing hormone analog
(GnRH-a; Product #L4513; Sigma Aldrich, St. Louis MO, USA), based on age and season, as
previously described by Marcec (2016). In brief, animals less than two years old were
administered a single dose of 0.5 µg/g body weight (BW) GnRH-a outside of elevated
spermatogenesis (September – December), while older animals were given two doses, 0.025
µg/g BW and 0.1 µg/g BW GnRH-a, 24 hours apart. During the months of elevated
spermatogenesis, all dosages were halved. GnRH-a was suspended in 50 µL of phosphate
buffered saline (0.02M, pH 7.4, 20°C) and then administered intramuscularly to the epaxial
muscle, near the shoulder blade, with a 0.5 mL syringe and 28-gauge needle (Figure 2.2A).
Animals were placed in individual plastic containers (27 cm x 16 cm x 14 cm) with 1 cm of
water covering the bottom to encourage milt or urine production and the enclosure covered with
a solid, opaque cover to reduce stress and visibility.
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Figure 2.2

Figure 2.1

Exogenous hormone treatment (A) by intramuscular injection and sperm collection (B) through
pelvic stimulation and pressure.

A 2 x 2 factorial arrangement of treatments in a randomized complete block design was
completed over time with a sample size of n = 10 per treatment. The first factor was sperm type,
milt or spermic urine, as determined at time of collection and the second factor was storage
temperature, 0°C (ice bath) or 20°C (room temperature), applied immediately after collection.
Block was defined as individual animal and experimental unit as each sperm sample. Sperm
sample collection was attempted at various times over 72 hours until the appropriate sample type
was obtained with an initial total motility of > 40%. Once a sperm sample of the appropriate
type was collected, the initial motility at time of collection (Time 0) was recorded, the sample
split into two aliquots, and stored at either 0°C or 20°C. Subsamples of sperm type, stored under
both temperature treatments, were removed at designated times (0.5, 1, 2, 3, 5, 7, and 24 hours)
and reevaluated for motility decay, as described below. Milt was defined as a viscous, opaque
substance with a high sperm concentration requiring a dilution of > 1:100 for analysis, while
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spermic urine was described as a free-flowing, translucent solution with a lower sperm
concentration, thus needing a dilution of < 1:100 (Fig 1C). Food was withheld until two days
post-sperm collection.
Sperm collection and evaluation
Sperm collection began 0.5 hours after hormone treatment and continued until an
adequate sample type (milt or spermic urine) was obtained. Animals were checked again at 1
hour, every subsequent two hours for the first day, and every four hours on the following two to
three days. Sperm collection techniques are similar to those previously described in Mansour
(2011) and Marcec (2016) (Figure 2.2B). Animals were held ventral side up and blotted dry,
followed by rubbing of the cloaca and massaging of the dorsal sides for approximately ten
seconds each. Pressure was then applied at the pelvis (Figure 2.2B) and milt or spermic urine
was collected directly from the cloaca with a micropipette (Figure 2.1B and 2.1C) and
transferred into an Eppendorf tube. Motility was immediately evaluated upon collection. If
sperm samples were too concentrated for analysis, a subsample was diluted in extender, 2%
trehalose + 0.2% bovine serum albumin (BSA), to maintain an isotonic environment for motility
evaluation. The sample was mixed by pipetting up and down and then a 5 µL aliquot was placed
on a slide without a coverslip and assessed under phase-contrast microscopy (Olympus CX31)
with a 20X objective. Sperm cells moving with velocity in a circular motion were categorized as
“progressive motile” (PM), those demonstrating an undulating membrane on the tail but not
moving in a circular motion were counted as “non-progressive motile” (NPM). Cells without
any of the above two signs of movement were labeled as “non-motile,” following Marcec (2016).
Following the initial motility measurement, sperm samples were divided in two, with one half
placed in an ice bath (0°C) and the other placed on the benchtop at room temperature (20°C). A
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subsample from each was then reassessed for motility, as above, at 0.5, 1, 2, 3, 5, 7, and 24 hours
post-collection. Total motility (TM) was calculated for each sample as the sum of progressive
motile and non-progressive motile percentage values.
Data analysis
Assumptions of normality and homogeneity of variance were checked using the ShapiroWilk test and visual inspection of residual plots, respectively. Percentage data were transformed
using an arcsin-square-root transformation before analysis. Changes in PM, NPM, and TM
throughout the time course were analyzed using repeated-measures ANOVA through the
MIXED procedure. The model statement included sample type (milt or spermic urine), time, and
temperature. For TM, the interaction of type by time was also included. Other interactions were
not significant (p > 0.05) and therefore removed. The Time 0 collection point was not included
in the dataset because temperature treatments had not yet been applied. An unstructured
covariance structure was used based on the selection of the best-fit model. Differences between
the means were considered significant at p < 0.05 and all data are presented as mean ± SEM,
unless otherwise noted. Statistical analysis was conducted using SAS version 9.4 (SAS Institute
Inc., Cary, NC, USA).
Results
Progressive motility
There was no effect of sperm type on PM (p = 0.1015) so values were pooled within
temperature at each time point (Figure 2.3A). Sperm PM was significantly (p < 0.0001) affected
by time and exhibited a rapid decrease of 25 - 30% from 51.4 ± 4.7% to 21.1 - 27.6% within the
first half hour. The decay in PM of sperm held at 0°C leveled off between 2 - 5 hours to an
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average of 17.8 - 18.7%, and between 2 - 3 hours for sperm held at 20°C averaging 7.1 - 10.5%,
after which PM began to decline again in both cases. After 24 hours, only 4.3 ± 1.4% and 1.5 ±
1.3% progressive motile sperm remained when stored at 0°C and 20°C, respectfully. There was
a significant effect of temperature on sperm PM (p = 0.0003) with cold temperature preserving
PM in approximately 3 - 9% more sperm compared to room temperature at all time points after
0.5 hours post-collection. Only main effects were significant.

Figure 2.3

Figure 2.2

Progressive motility (A) and non-progressive motility (B) over time of pooled milt and spermic
urine samples when stored at 0°C and 20°C.
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Non-progressive motility
Similar to PM, collection type did not affect NPM (p = 0.3449) so values were pooled
within temperature at each time point (Figure 2.3B). There was a significant effect of time on
NPM (p < 0.0001) from the initial 21.5 ± 4.0%, but this parameter exhibited a lower rate of
decay than observed for PM. Sperm held at 20°C did not begin to decrease in NPM until 1 hour
post-collection (10.3 ± 2.2%) while sperm held at 0°C maintained their NPM for 2 - 5 hours (9.0
± 2.2%), before NPM began to decline again. After 24 hours, only 5.7 ± 1.9% and 0.85 ± 0.7%
of sperm exhibited NPM when stored at 0°C and 20°C, respectfully. Thus, temperature affected
NPM (p < 0.0001) such that approximately 5 - 15% more sperm were motile under cold storage
than when stored at room temperature. Again, only main effects were significant.
Total motility
Total motility was significantly different depending on the sperm type and across time (p
= 0.0050, Figure 2.4). In spermic urine, TM (84.9 ± 1.6%) was initially higher than in milt (55.0
± 5.3%) but declined more rapidly with time. At 0°C, the total sperm motility of either sample
type decreased by approximately 20% within the first half hour after collection. Milt samples
maintained 30 - 40% sperm motility over the next 5 hours and decreased to 14.9% after 24 hours.
In contrast, spermic urine samples continued to decline in TM with time, dropping below the
observed sperm motility of milt samples at 5 hours and eventually declining to an average TM <
5%. By comparison, at 20°C, milt sperm TM declined by 25.8% and spermic urine fell by
47.5% within the first 0.5 hour post-collection. Spermic urine TM dropped below that of milt
after only 2 hours when sperm were held at 20°C. At hour 24, TM of milt at 0°C (14.9 ± 4.1%)
remained significantly higher than the other treatments (0.7 - 4.6%), which did not differ from
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each other. Other interactions were not significant (p > 0.05). Temperature affected TM (p <
0.0001) with cold temperature resulting in higher motility compared to room temperature, by 8.0
- 19.9% for milt and 3.4 - 32.4% for spermic urine.

Figure 2.4

Figure 2.3

Total motility over time of milt and spermic urine when each sperm type is stored at 0°C and
20°C.

Discussion
This is the first study to describe the differences in sperm motility between milt and
spermic urine in an internally fertilizing caudate, the tiger salamander. Moreover, we show there
is a relationship between temperature and motility over time, regardless of sperm type collected.
38

For all types of motility (i.e., PM, NPM, and TM), longevity is extended by cold storage at 0°C
compared to storage at 20°C. These results clearly show that for both milt and spermic urine,
total motility decreases rapidly within the first half hour post collection, indicating samples
should be used as soon as possible to maximize motility for IVF and cryopreservation.
Total motility remained above 10% up to 24 hours for milt at 0°C. Our findings are
consistent with results from Marcec (2016), where tiger salamander milt stored at 4°C
maintained motility around 10% until 24 hours. In addition, that study continued to measure
motility through 48 hours when it decreased to nearly 0%, which presumably would have
occurred here as well. Marcec (2016) also showed a 20% drop in total motility within the first
half hour, similar to what has been observed here for both milt and spermic urine samples.
Additionally, Mansour et al. (2011) reported that Ambystoma mexicanum sperm motility, of
unspecified semen type, was sustained for up to 4 hours when sperm was held at 4°C, but only
for 1 hour at room temperature, which is similar to the results for spermic urine in this study.
In other caudate families such as Cryptobranchidae and Salamandridae, cold storage also
led to prolonged motility but for even longer durations (Peng et al., 2011; Uteshev et al., 2015;
Zhao et al., 2012). In Pleurodeles waltl, sperm motility remained high, > 50%, over 24 hours,
dropping to about 15% at 72 - 96 hours, and finally nearing 0% at 120 hours at 4°C (Uteshev et
al., 2015). Cryptobranchus alleganiensis sperm held at 5°C was reported to maintain 50 - 70%
motility for up to 3 days with a 40 – 50% drop from initial estimates after 4 days (Unger et al.,
2013). Zhao et al. (2011) and Peng et al. (2012) stated that Andrias davidianus semen motility
lasted 3 and 6 - 9 days at 0 - 4°C, respectively, whereas at room temperature, the motility
endured for 0.5 and 3 - 5 days, respectively. However, storage at 0°C resulted in a lower starting
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motility compared to 4°C (Peng et al., 2011). This is comparable to the trend Gordon (1981)
found in Notophthalamus viridescens viridescens, where motility was highest at 22°C and
generally decreased with lower temps. Moreover, the work on N. v. viridescens found that
motility initially increased over time with a maximum at 5 hours and subsequently decreased.
As previously described in fish (Dzyuba et al., 2016), this indicates that there could be
taxonomic differences in sperm motility and longevity at different temperatures.
In anurans, low temperatures decreased the velocity of sperm but increased the length of
time sperm remained motile, potentially signifying a decrease in enzymatic activity required for
flagellar motion of the tail (Browne et al., 2015). Low temperature induces slowing of overall
metabolism such that energy demanding mechanisms decline along with the rate of depletion of
energy substrates, such as adenosine triphosphate (ATP), allowing for extended motility, as
suggested by Browne et al. (2001). However, findings in several fish species demonstrate that
sperm velocity, motility, and enzyme activity may respond optimally at cold temperatures,
especially in species that naturally spawn at (2 - 8ºC). For Salmo trutta, Lota lota and Thymallus
thymallus, lower temperatures promote higher sperm velocities and overall motility, as enzyme
activity is maximized at the natural temperature range of the species (Lahnsteiner & Mansour,
2012). The trends we observed here in quickly decreasing PM and increased longevity indicate
that caudate sperm behaves similar to that of anuran amphibians rather than cold-spawning fish
in response to temperatures near 0ºC. Additionally, cold solutions hold higher concentrations of
dissolved oxygen, which contributes to the continuation of ATP synthesis, reducing the depletion
rate of ATP in fish sperm during storage (Bencic et al., 1999; Billard et al., 2004). Silla et al.
(2015) previously found oxygen supplementation to be beneficial to sperm longevity in the frog
Litoria booroolongensis. Likewise, Germano et al. (2013) showed that aeration for 24 hours,
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presumably inducing oxygen saturation of the storage medium, increased the time sperm
remained motile in Anaxyrus fowleri sperm at 4°C.
In this study, an interaction was found between sperm type and duration of time affecting
total sperm motility; inhibition/activation factors, diluent toxicity, and metabolism may explain
this interaction. Sperm inside of a spermatophore have zero to moderate activity (Marcec, 2016;
Watanabe et al., 2003), potentially due to unknown inhibition factors. It may be that milt has a
higher concentration of spermatophore material than spermic urine, which inhibits motility
initially and then prolongs its survival by maintaining a low state of metabolism within the sperm
cells. Cryptobranchids naturally secrete a milt-like substance, which may account for the greater
longevity of their sperm as well (Peng et al., 2011; Unger et al., 2013; Zhao et al., 2012).
Additionally, trehalose has now been found to be toxic to A. tigrinum sperm motility at higher
concentrations (10%) and could have caused the lower initial motility of the milt since spermic
urine requires less dilution for analysis. However, other diluents tested supported similar sperm
motilities when compared to trehalose, with the exception of urine, where sperm motility was
nearly double.
Higher initial sperm motility in urine may be due to a higher concentration of ions that
are relevant to early motility in caudate sperm, such as sodium, potassium, and calcium (Ukita et
al., 1999; Watanabe et al., 2003). A drop in osmolality does not account for sperm activation in
caudates, as it does in fish and anurans (Browne et al., 2019; Kouba et al., 2009), possibly due to
most caudates having internal fertilization. The optimum osmolality for milt and spermic urine
appear to be very similar and are within the range of 20-80 mOsm. The elevated initial motility
in spermic urine may imply there is a higher metabolic rate exhausting stored energy or available
oxygen, increasing reactive oxygen species (ROS) production and leading to a quicker decline in
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motility than in milt. Sperm quickly settle to the bottom of Eppendorf storage tubes when
collected as spermic urine due to the low viscosity, large urine volume, and slow forward
movement of the cells, potentially creating an anoxic environment with a higher concentration of
ROS, thereby reducing motility faster. In contrast, sperm stay suspended in milt much longer,
possibly improving oxygenation and reducing toxicity due to lower concentration of ROS.
Bacterial contamination may also contribute to the interaction of sperm type and duration
of time on total motility. For instance, bacterial loads may be higher in spermic urine because it
usually occurs in larger volumes and at a higher rate of excretion than milt, potentially clearing
more bacteria from the cloacal colonies than milt. Bacteria present in the cloaca and excreted
into the urine can negatively impact sperm motility, as observed in fish, by competing for
resources within the storage medium and producing enzymes that can cause cell rupture and
death (Jenkins & Tiersch, 1997; Saad et al., 1988). Furthermore, the supplementation of
antibiotics has been shown to extend the longevity of carp semen (Saad et al., 1988). While
antibiotics have either not had an effect or been a detriment to anuran sperm (Germano et al.,
2013; Keogh, Byrne, & Silla, 2017; Silla et al., 2015), neither bacterial growth nor antibiotic use
have been studied in caudate spermatozoa. We did not directly measure bacterial growth in our
stored samples; however, damage to the tail membrane of spermatozoa could be seen after 24
hours in spermic urine stored at room temperature. Damage to sperm membranes was not
evident in samples stored at 0°C for 24 hours, possibly due to slower bacterial growth at cooler
temperatures. Further investigation is needed to understand the cause of injury to the sperm tail
membranes when stored at the two different temperatures.
In conclusion, this study demonstrates important differences in motility between
Ambystomid milt and spermic urine over the first 24 hours post-collection and the positive effect
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of cold storage on each. Whether milt or spermic urine is collected from an animal is not
controllable, but our results suggest that both semen types should be stored at 0ºC and used as
early as possible for IVF and cryopreservation. Additionally, milt should be prioritized past
three hours post-collection when both sperm types are available due to its higher sustained total
motility, especially for overnight transportation between institutions. While species differences
may exist in overall longevity and optimum temperature, the recommendation for sperm cold
storage holds across all amphibia studied to date. Application of cold storage to future
salamander ART could enhance fertility and genetic management of endangered, captive and
wild populations. Yet, future research is required to address implications to caudate sperm
metabolism, activation, and bacterial contamination.
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CHAPTER III
CRYOPRESERVATION OF SALAMANDER SPERMATOZOA:
THE EFFECT OF TREHALOSE AND FREEZE RATE
Introduction
The use of cryopreservation, the freezing of cells or tissues at very low temperatures (< 80 – 100ºC) to suspend metabolism and structure in perpetuity, was first proposed for wildlife
conservation in the 1970’s (Watson, 1976, 1978) and further recommended in the 1990’s (Soulé,
1991; Wildt et al., 1997). Cryopreservation is highly beneficial for wildlife gamete preservation.
Facilitating transport of genetic material between breeding institutions, extending generation
times, maintaining sustainability of important brood stock, minimizing ex situ space
requirements, preventing the removal of in situ animals, serving as survival insurance against
extinction in the wild and as a source of DNA for other disciplines (Gascon et al., 2007; Kouba
et al., 2013; Kouba & Vance, 2009; Soulé, 1991). However, applying gamete cryopreservation
to wildlife can be challenging due to species-specific sensitivities to various freezing aspects
(Chenoweth & Lorton, 2014; Kouba et al., 2013).
The two main factors that affect sperm cryopreservation success are freeze rate and
cryoprotective agents (CPAs), which are additives intended to increase post-thaw survival of
sperm cells. Variation in freeze rate influence cryopreservation with slow temperature changes
leading to external ice crystal formation, dehydration of cells and exposure of membranes to
hypertonic solutions, while fast thermal alterations cause the development of intracellular ice
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crystals (Chenoweth & Lorton, 2014). CPAs can disrupt these negative these effects by
interacting with water molecules to lower the freezing point and reduce ice formation, preventing
deleterious consequences of ice on membrane and DNA structure and integrity (Chenoweth &
Lorton, 2014; Fuller, 2004). Other CPA paths of cell protection include increasing the viscosity
of the media, stabilizing the membrane, and scavenging oxygen free radicals (Fuller, 2004).
However, CPAs may also exhibit toxic effects through osmotic and chemical mechanisms if
exposure to the cells is not optimized. To counteract these detrimental outcomes the length of
exposure to the CPA may be minimized through shorter acclimation times and/or faster freeze
rates (Chenoweth & Lorton, 2014). For example, Salmonidae spermatozoa quickly equilibrates
with dimethyl sulfoxide (Me2SO), possibly due to their small size and high permeability
(Browne et al., 2019; Day & Stacey, 2007; Lahnsteiner, 2000).
The creation of amphibian genetic resource banks (GRBs) was added to the International
Union for Conservation of Nature (IUCN) Amphibian Conservation Action Plan (ACAP) in
2007 (Gascon et al., 2007). These GRBs are to be established to hedge against the rising
extinction rates due to overexploitation, habitat destruction, pollution, and disease. Since then
the sperm of more than 30 frog and toad (Order: Anura) species have been successfully frozen
(John Clulow & Clulow, 2016; Andrew J. Kouba & Vance, 2009). Conversely, sperm
cryopreservation has only been reported in a few salamander and newt (Order: Caudata) species
(Figiel, 2013; Guy et al., 2020; Marcec, 2016; Peng et al., 2011; Unger et al., 2013), even though
over half are threatened or endangered (IUCN, 2020b).
Sperm cryopreservation techniques in Caudata are primarily based on practices in Anura,
which in turn are derived from fish protocols due to both exhibiting aquatic, external
fertilization. The CPAs that have been tested for anuran and caudate sperm freezing include
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Me2SO, dimethylformamide (DMF), glycerol, egg yolk, sucrose, trehalose, and bovine serum
albumin (BSA) (Figiel, 2013; Guy et al., 2020; Kouba et al., 2013; Kouba & Vance, 2009;
Langhorne, 2016; Marcec, 2016; Peng et al., 2011; Unger et al., 2013). DMF, trehalose, and
their combination are considered novel but promising CPAs for amphibian sperm
cryopreservation (Browne et al. 2019; Langhorne, 2016; Poo & Hinkson, 2019). Trehalose is a
non-reductive disaccharide of glucose naturally found as a protectant to abiotic stress in
organisms such as bacteria, fungi, and invertebrates (Elbein et al., 2003; Feofilova, Usov,
Mysyakina, & Kochkina, 2014; Thammahong et al., 2017). While anuran semen has been
shown to be very tolerant of these CPAs (John Clulow & Clulow, 2016; Langhorne, 2016),
similar toxicity studies have not been formally performed in caudates. With regard to freeze
rates, anuran sperm has generally required slow rates less than or equal to -5 – 10ºC/min (John
Clulow & Clulow, 2016) while caudate sperm has been amendable to faster rates, up to
300ºC/min while in the spermatophore (the natural, gelatinous vesicle for sperm transport)
(Figiel, 2013; Guy et al., 2020; Marcec, 2016; Unger et al., 2013). Although, the few studies that
examined caudate freezing procedures have reported low post-thaw motility (≤ 20%) (Guy et al.,
2020; Marcec, 2016; Peng et al., 2011; Unger et al., 2013).
Thus, the objectives of this study were to: 1) evaluate the effect of CPAs, Me2SO, DMF,
and trehalose, on sperm motility pre-freeze; 2) determine if the addition of such CPAs are
beneficial to sperm survival following cryopreservation; and 3) examine if faster freeze rates can
overcome any negative effects of CPA exposure in order to enhance post-thaw survival.
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Materials and methods
Animals
The tiger salamander (Ambystoma tigrinum) is the most widespread salamander in North
America and is currently listed as a species of least concern by the IUCN Red List (IUCN,
2020a). Thus, tiger salamanders serve as an excellent model for other Ambystomid mole
salamanders (e.g. A. californiense, cingulatum and bishopi), which are exclusively endemic to
North America and are the second most species-rich caudate family in the United States
(Lannoo, 2005). In addition, due to their size, ease of care, longevity, high fecundity, and rapid
time to sexual maturity, they are exceptional models to develop assisted reproductive
technologies before application to threatened species (Guy et al., 2020; Marcec, 2016).
Sexually mature, terrestrial, male tiger salamanders (n = 27; avg. weight = 42.6 g) were
purchased from private breeders or produced through in vitro fertilization (IVF) at Mississippi
State University. Salamanders were housed in tanks (30 cm x 46 cm x 66 cm) in groups of three
to six animals of mixed sex on a substrate mixture of organic soil and coconut fiber,
approximately 3 cm deep. A water dish, ceramic plate, and PVC tubing refugia were furnished
for each tank and type B ultraviolet light was provided for each tank, which was set on a timer to
mimic the light cycle of the tiger salamander’s natural range within Mississippi (33.453880
latitude, -88.794090 longitude). Animals were held in a temperature-controlled room where the
ambient temperature averaged 20.5°C year-round. Animals were fed an alternating diet of
crickets (Gryllodes sigillatus), mealworms (Tenebrio molitor), and Dubia roaches (Blaptica
dubia) three times a week and were supplemented with calcium (Zoo Med Laboratories, Inc.,
CA, USA) and a vitamin mix (Supervite, Repashy Ventures Inc., CA, USA) once a week by
lightly dusting the insects immediately before feeding (Pramuk & Gagliardo, 2012). Prior to
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hormone treatment, food was withheld for two to three days to prevent regurgitation and fecal
contamination of samples [19]. All husbandry and experimental protocols were reviewed and
approved by the IACUC at Mississippi State (#17-189).
Exogenous hormone treatment
Salamanders were treated with varying doses of gonadotropin hormone-releasing
hormone analog (GnRH-a; Product #L4513; Sigma Aldrich, St. Louis MO, USA), based on age
and season, as previously described by Marcec (2016). GnRH-a was suspended in 50 µL of
phosphate buffered saline (0.02M, pH 7.4, 20°C) and then administered intramuscularly to the
epaxial muscle, near the shoulder blade, with a 0.5 mL syringe and 28-gauge needle. Animals
less than two years old were administered a single dose of 0.5 µg/g body weight (BW) GnRH-a
outside of elevated spermatogenesis (September – December), while older individuals (≥ 2
years) were given two doses, 0.025 µg/g BW and 0.1 µg/g BW GnRH-a, 24 hours apart. All
dosages were halved during periods of elevated spermatogenesis. Animals were then placed in
individual plastic containers (27 cm x 16 cm x 14 cm) with 1 cm of water covering the bottom to
encourage milt or urine production and the enclosure covered with a solid, opaque cover to
reduce stress and visibility. Individuals remained in experimental enclosures for 5 days after
which, animals were returned to their home tank.
Sperm collection and analysis
Sample collections were attempted at various times over 72 hours until a milt sample was
obtained with an initial total motility of > 40%. For the purposes of this study, milt is defined as
a viscous, opaque substance with a high sperm concentration requiring a dilution of >1:100 for
analysis. Sperm collection began 0.5 hours after hormone treatment with animals checked again
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at 1, 2, 4, and 6 hours on the first day and every four hours on the following two to three days,
similar to collection methods reported by Marcec (2016). To collect samples, animals were held
ventral side up and blotted dry with a Kimwipe, followed by rubbing of the cloaca and
massaging of the dorsal sides by hand for approximately ten seconds each. Pressure was then
manually applied at the pelvis and milt collected directly from the cloaca with a micropipette and
transferred into an Eppendorf tube, as previously described by Guy et al. (2020). Motility
measurements were immediately conducted upon collection by randomly counting 100 cells
from a 5 µL subsample and classifying each as progressive motile, non-progressive motile or
non-motile as described by Guy et al. (2020). Sperm cells moving with velocity in a circular
motion were categorized as progressive motile (PM), those demonstrating an undulating
membrane on the tail but not moving in a circular motion were counted as non-progressive
motile (NPM). Cells without any of the above two signs of movement were labeled as nonmotile (NM). Total motility (TM) was then calculated for each sample as the sum of progressive
motile and non-progressive motile percentage values. In Experiment 2, morphology
measurements were made by randomly counting 100 cells from a 5 µL subsample and
classifying sperm as normal (Figure 3.1A) or abnormal (Figure 3.1B-D) based on head or tail
shape. Total abnormalities (TA) were then calculated for each sample as the sum of head and
tail abnormality percentage values. Following collection, sperm samples were stored in an ice
bath (0°C) for both the CPA toxicity and cryopreservation studies.
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Figure 3.1

Caudate sperm morphology.

Normal caudate sperm cell (Panel A), cell with a bent head (Panel B), cell with a bent tail (Panel
C), cell with broken head and tail (Panel D).

Experiment 1: Cryoprotectant agent and diluent toxicity
In order to investigate possible sensitivity of A. tigrinum sperm to several cryoprotectant
agents (CPAs) and diluents, we evaluated the effect of various CPA solutions (treatments) on
sperm motility over time. This experiment followed a randomized complete block design
performed over two time frames (2 and 24 hours) where blocks were defined as individual
animals and 5 µL aliquots taken from the original sperm sample were classified as the
experimental unit. Subsamples were randomly assigned to treatments of cryosolutions, whose
use and concentrations were selected based on our previous work in A. tigrinum and
recommendations by Marcec (2016), as well as use in other amphibian species (Kouba et al.,
2013; Langhorne, 2016; Peng et al., 2011; Unger et al., 2013). Replicates were evenly
distributed between blocks so that each block contained one replicate per treatment per block.
We first began with a 24-hour study to evaluate the sensitivity of A. tigrinum sperm to
CPAs and diluents stored at low temperature, which would provide information on how long
sperm could be held before cryopreservation. The first experiment consisted of 4 treatments (n =
10/trt), including: (1) 2% trehalose + 0.2% BSA; (2) 10% trehalose + 1% BSA; (3) 10% Me2SO
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+ 10% trehalose + 1% BSA; and (4) 10% DMF + 10% trehalose + 1% BSA. Once an adequate
sperm sample was collected (initial total motility of > 40%) a subsample was immediately
diluted in 2% trehalose + 0.2% BSA and a 5 µL aliquot placed on a slide without a coverslip for
assessment of initial motility (Time 0) under phase-contrast microscopy (Olympus CX31) with a
20x objective, prior to mixing with treatments. After the initial motility reading, part of the
original milt sample was diluted to an assessable concentration (q 1 x 106 sperm/mL) with 2%
trehalose + 0.2% BSA, mixed 1:1 with treatments 2-4 (at 2X treatment concentration) and
reassessed for motility. To evaluate the CPAs and diluent effects over time, aliquots from each
treatment held in cold storage were removed and evaluated for motility at 0.5, 1, 2, 3, 5, 7, and
24 hours post-treatment exposure. The remaining original sample was left undiluted, to act as a
control, until immediately before additional motility counts where it was then again extended
with 2% trehalose + 0.2% BSA.
Based on the rapid decline in motility for all CPA treatments of the 24-hour study,
compared to the initial motility, we decided to investigate if the sensitivity was solely due to the
diluent (trehalose) or if the CPAs (Me2SO and DMF) have any influence independently, without
any other additives. Additionally, cryopreservation protocols rarely require acclimation of the
sperm cells to the cryosolutions longer than an hour (Langhorne, 2016), so the timeframe of the
experiment was reduced to 2 hours. To evaluate trehalose impacts on sperm motility, we added
two additional CPA treatments without the diluent, including: (5) 10% Me2SO; and (6) 10%
DMF. Following sperm collection and initial motility readings, milt was divided into two
separate aliquots and extended 1:1 with treatments 5 and 6 (2X treatment final concentration),
and motility reassessed at 0.5, 1, and 2 hours post-treatment exposure. Treatments 5 and 6 were
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then evaluated longitudinally against the first 2 hours only of Treatments 1-4 of the 24-hour
study described above.
Experiment 2: Effects of trehalose and freeze rate on post-thaw motility following
cryopreservation
In order to evaluate if the use of trehalose is still beneficial to the overall
cryopreservation process, despite initial motility loss, we examined two cryosolutions including:
(1) 10% Me2SO + 1% BSA; and (2) 10% Me2SO + 1% BSA + 10% trehalose. We also sought to
determine if the rate of freezing would mitigate the deleterious effect of trehalose by altering the
time of exposure. Therefore, we froze the extended sperm at two different heights above the
liquid nitrogen (LN2): 10 cm (~ -20°C/min – 35°C/min) and 15 cm (~ -11°C/min – 15ºC/min) to
provide different freezing rates (Figure 3.2). Thus, the data were analyzed as a 2 x 2 factorial
arrangement of treatments in a randomized complete block design. The first factor was
cryosolution treatment and the second factor was freeze rate, which resulted in four different
treatment combinations. Block was defined as individual salamander (n=10) and experimental
unit as each cryostraw (n = 1 per treatment, per block). Replicates were evenly distributed
between blocks to mitigate any potential block effects. Hormone procedures and milt collection
methods followed protocols described above, except aspermic urine collected prior to hormone
treatment was used to dilute the initial sperm sample (rather than 2% trehalose + 0.2% BSA) for
evaluation, based on the results from Experiment 1 and preliminary diluent tests.
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Figure 3.2

Temperature curves for straws held at 10cm and 15cm above LN2.

Temperature curves of a cryostraw containing 10% Me2SO + 1% BSA + 10% trehalose placed
10cm and 15cm above LN2 for 10 min before being plunged. Recorded using Onset HOBOware
UX-100 thermocouple data logger and Onset HOBOware Pro Version 3.7.17.

When an adequate milt sample was collected for cryopreservation, a subsample was
immediately diluted 1:100 in aspermic urine and evaluated for motility, morphology, and
concentration (sperm/mL) using a hemocytometer. Multiple aliquots of the initial sample were
then diluted to a final concentration of 2 x 106 sperm/mL and volume of 100 µL with one of the
two cryoprotectant treatments. Upon dilution, the cryodilutions were immediately loaded into
0.25 mL cryostraws, placed above LN2 vapor at a height of 10 cm or 15 cm in a polystyrene box
for 10 minutes, and then plunged into LN2. Total time from sperm collection and processing to
placement over LN2 vapor was about 30 minutes. Subsamples (5 μL) were set-aside prior to
freezing, but after mixing with cryosolution, to perform pre-freeze motility and abnormality
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counts. Frozen cryostraws were stored for at least a week prior to thawing, which was performed
by waving the straw in 20°C air for 10 sec and then immersing the straw in a 40°C water bath for
approximately 5 sec. Post-thaw sperm motility and abnormality parameters were then measured
as described above. Percent-recovered motility (RM) was calculated by relating the post-thaw
motility to the pre-freeze motility of sperm immediately after dilution with the cryosolutions, but
prior to placement above LN2 (thawed motility/pre-freeze motility x 100%) (Guy et al., 2020;
Marcec, 2016).
Statistical analysis
Assumptions of normality and homogeneity of variance were checked using the ShapiroWilk test and visual inspection of residual plots, respectively. Before analysis, percentage data
were transformed using an arcsin-square-root transformation for Experiment 1 and square-root
transformation for Experiment 2 with zero values rounded to 0.00001 and values >100%
standardized to 100%. Differences between the means were considered significant at p < 0.05
and all data are presented as mean ± SEM, unless otherwise noted. Statistical analysis was
conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
For Experiment 1, changes in TM (%) throughout the time courses were analyzed using
repeated-measures ANOVA through the MIXED procedure to account for repeated
measurements on the same experimental unit over time. The model statements included
cryosolution (treatment), time, and the treatment x time interaction. The tested interaction was
non-significant (p > 0.05) and therefore removed from the model statement. An unstructured
covariance structure was used based on the selection of the best-fit model.
In Experiment 2, all data were analyzed with an ANOVA through the GLM procedure.
The model statement for pre-freeze data included individual and cryosolution (treatment). For
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post-thaw data, the model statement included individual, treatment, freeze height, and the
interaction of treatment by height, which was non-significant (p > 0.05) and therefore removed.
TM (%) and TA (%) were first compared between initial measurements and those taken after the
addition of cryosolution, to support results from Experiment 1. Then, post-thaw total motility
(%), recovered total motility (%), and abnormalities (%) were analyzed.
Results
Experiment 1: Cryoprotectant agent and diluent toxicity
The results of the initial exploration into A. tigrinum sperm sensitivity to CPAs and
diluents over 24 hours are as follows. There was a significant effect of cryosolution (p < 0.0001)
on TM, with the three cryosolutions containing 10% trehalose consistently having lower TM, by
approximately 30 – 40%, than the simple diluent (with only 2% trehalose) over the full 24 hours
(Figure 3.3). At initial evaluation, TM of 10% Me2SO + 10% trehalose + 1% BSA (26.5 ±
3.9%) was significantly higher, by approximately 12%, than that of 10% DMF + 10% trehalose
+ 1% BSA (14.8 ± 2.1%). The treatment of 10% trehalose + 1% BSA, which did not contain a
CPA, fell in between (18.6 ± 3.2%) the two solutions with CPAs, possibly indicating a
interaction of the CPAs with trehalose. Time also affected TM (p < 0.0001) with a significant
decrease of approximately 10% within the first half hour for each cryosolution. The TM in the
2% trehalose + 0.2% BSA treatment held steady until the 24 hour time point at around 30 – 40%,
after the initial 30 min decline. All the cryosolutions containing 10% trehalose (Treatments 2-4)
began to approach 0% after approximately 2 hours.
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Figure 3.3

24-hour cryoprotectant toxicity time course.

Total motility of A. tigrinum spermatozoa over 24 hours when incubated at 0ºC in 10% trehalose
+ 1% BSA, 10% Me2SO + 10% trehalose + 1% BSA, and 10% DMF + 10% trehalose + 1%
BSA, and the control (2% trehalose + 0.2% BSA) which remained higher than all treatments
throughout the whole time course.

Based on the above rapid decline in sperm motility with exposure to all CPAs, the 2-hour
study was performed to further investigate sensitivity to Me2SO and DMF. Similar to the 24hour study, there was a significant effect of cryosolution (p < 0.0001) on TM over the first 2
hours, with treatments containing 10% trehalose having lower TM by approximately 35%
compared to treatments without trehalose (Figure 3.4). Immediately after the dilution of sperm
in cryosolutions, the average TM for samples without 10% trehalose ranged from 47.9 – 62.7%,
while those with 10% trehalose had declined rapidly and ranged from 14.8 – 26.5%. Time
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affected TM (p < 0.0001) and showed a 10% drop within the first half hour for all solutions,
although TM was generally stable between the 1 and 2 hour time points. At 2 hours, the average
TM of solutions without 10% trehalose ranged from 25.6 – 36.9% and those with 10% trehalose
ranged from 2.8 – 5.2%. These data show that tiger salamander sperm are sensitive to trehalose
at concentrations near 10%, resulting in a rapid decline of motility.

Figure 3.4

2-hour cryoprotectant toxicity time course.

Total motility of A. tigrinum spermatozoa over 2 hours when incubated at 0ºC in 10% trehalose
+ 1% BSA, 10% Me2SO + 10% trehalose + 1% BSA, 10% DMF + 10% trehalose + 1% BSA
(which were not significantly different from each other), 10% Me2SO, 10% DMF and the control
(2% trehalose + 0.2% BSA; which remained higher than all treatments including 10% trehalose
throughout the whole time course).
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Experiment 2: Effects of trehalose and freeze rate on post-thaw motility following
cryopreservation
We further explored the influence of trehalose throughout the full cryopreservation
process to determine if the use of trehalose is beneficial as a cryodiluent and if freeze rate affects
its impact. Pre-freeze data on sperm metrics were consistent with Experiment 1 with a
significant effect of cryosolution on TM (p < 0.0001) such that the presence of 10% trehalose
(25.2 ± 4.1%) decreased TM by ~30% compared to the initial motility and sperm exposed only
to Me2SO + BSA (53.6 – 58.0%) (Table 3.1). While initial TM and that of Me2SO + BSA did
not differ from each other, PM was lower in Me2SO + BSA, 15.7 ± 4.6% compared to 40.2 ±
4.8%, indicating a reduction in velocity possibly due to the high viscosity of Me2SO. There was
also a significant effect due to individual on pre-freeze TM (p = 0.0065), which was expected
because male reproductive parameters have high variability [4] and is why individuals were
blocked in the initial experimental design. Neither individual (p = 0.1139) nor cryosolution (p =
0.1140) affected pre-freeze TA meaning abnormalities did not vary among males, and
cryosolutions did not induce morphological damage to sperm cells.
Cryoprotectant significantly affected post-thaw TM (p = 0.0006) with 10% Me2SO + 1%
BSA + 10% trehalose (10 cm: 12.1 ± 2.6%; 15 cm: 6.6 ± 2.8%) resulting in a higher TM, by 3 –
6%, than 10% Me2SO + 1% BSA (10 cm: 5.8 ± 1.3%; 15 cm: 3.6 ± 1.0%) (Figure 3.5A).
Interestingly, there does appear to be a benefit overall to the use of trehalose as a cryodiluent for
A. tigrinum sperm. In addition, freeze height affected TM (p = 0.0048) with 10 cm (with
trehalose: 12.1 ± 2.6%; without trehalose: 5.8 ± 1.3%) producing a higher TM than 15 cm (with
trehalose: 6.6 ± 2.8%; without trehalose: 3.6 ± 1.0%) by 2 – 5%. There was also a significant
effect due to individual on TM (p < 0.0001), as expected due to the common variation in
successful sperm freezing among males. Cryoprotectant significantly affected RM (p < 0.001)
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with 10% Me2SO + 1% BSA + 10% trehalose (10 cm: 47.2 ± 8.22%; 15 cm: 26.5 ± 8.38%)
resulting in a higher RM than 10% Me2SO + 1% BSA (10 cm: 10.2 ± 3.8%; 15 cm: 6.6 ± 2.77%)
by 20-38% (Figure 3.5B). Freeze height affected RM (p = 0.0267), with 10 cm (with trehalose:
47.2 ± 8.22%; without trehalose: 10.2 ± 3.8%) producing a greater RM than 15 cm (with
trehalose: 26.5 ± 8.38%; without trehalose: 6.6 ± 2.77%) by 3 – 20%. There was also a
significant effect due to individual on RM (p = 0.0032), again, as expected. Only individual
influenced TA (p = 0.0067), which remained low (4.6 – 5.4%).
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Table 3.1

Experiment 2: Pre-freeze motility and abnormality parameters.
Motility (%)
Progressive

NonProgressive

Total

Total
Abnormalities
(%)

Initial

40.2 ± 4.8a

17.8 ± 1.7b

58 ± 4.6a

1.1 ± 0.4

10% Me2SO + 1% BSA

15.7 ± 4.6b

37.9 ± 6.2a

53.6 ± 7.0a

1.2 ± 0.4

10% Me2SO + 1% BSA + 10% Trehalose

5.1 ± 1.6c

20.1 ± 2.8b

25.2 ± 4.1b

1.8 ± 0.4

Cryosolution

p-value
< 0.0001
0.0044
< 0.0001
0.114
Progressive, non-progressive, and total motility and abnormalities of A. tigrinum spermatozoa upon collection (initial) and after
treatment with 10% Me2SO + 1% BSA and 10% Me2SO + 1% BSA + 10% trehalose, but prior to freezing. N = 10 for all treatments.
Data is presented as mean ± SE with all percentage data being untransformed data.
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Figure 3.5

Post-thaw motility parameters.

Post-thaw total motility (Panel A) and recovered motility (Panel B) of A. tigrinum spermatozoa
treated with either 10% Me2SO + 1% BSA and 10% Me2SO + 1% BSA + 10% trehalose and
subsequently frozen at 10 or 15 cm above LN2.
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Discussion
Sperm cryopreservation has been extensively applied in aquaculture and, more recently,
for anuran conservation (Browne et al., 2019; Clulow & Clulow, 2016; Kouba et al., 2013;
Kouba & Vance, 2009), yet remains in the early stages of development and application for
caudate species. This is the first study to investigate toxicity of cryoprotectants in caudate
spermatozoa and demonstrates the harmful nature of the sugar trehalose on motility immediately
upon mixing with sperm cells. This study yields valuable insight into furthering the
development of caudate cryopreservation methods by evaluating different cryoprotective
solutions and their corresponding toxicity. Specifically, our results suggest the toxic properties
of trehalose on salamander sperm are nearly instantaneous, with reduced motility observed
within seconds from Time 0. However, post-thaw motility results show the addition of trehalose
as beneficial during the cryopreservation process by increasing post-thaw motility (TM and RM)
when compared to treatments without trehalose. Additionally, results indicated that faster freeze
rates (~ -20°C/min – 35°C/min) are important to slow negative effects on motility when adding
trehalose to the cryoprotectant solution. These findings are valuable for understanding caudate
spermatozoa sensitivities for future cryopreservation development, which is becoming
imperative to sustaining ex situ populations long-term.
The cryoprotectant toxicity trials evaluated the effect Me2SO, DMF, trehalose, and their
combination on spermatozoa motility. DMF has not been previously applied in caudate sperm
cryopreservation but is frequently used in combination with trehalose for anurans (Browne et al.,
2019; Clulow & Clulow, 2016; Kouba & Vance, 2009; Langhorne, 2016). There was no effect
of 10% Me2SO or DMF alone on TM throughout the 2-hour time course, demonstrating that
caudate sperm is very tolerant to both intracellular cryoprotectants and both Me2SO and DMF
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are viable options for further cryoprotectant development. However, when combined with
trehalose, DMF had a lower TM than Me2SO, which is why DMF was not investigated in
Experiment 2.
To date, Me2SO has primarily been the CPA of choice and was applied to A. tigrinum
(Marcec, 2016), Notophthalmus meridionalis, Tylototriton kweichowensis (Guy et al., 2020),
Andrias davidianus (Peng et al., 2011), and Cryptobranchus alleganiensis (Unger et al., 2013)
with varying optimal concentrations tested. Marcec (2016) evaluated a cryosolution of 5%
Me2SO with various additives in A. tigrinum which resulted in 5.5 – 13.8% average post-thaw
TM, leading the author to recommend further evaluation of Me2SO at higher concentrations.
Although, treatments in this study utilizing 10% Me2SO + 1% BSA + 10% trehalose at a freezing
rate of -20°C/min – 35°C/min did not enhance absolute post-thaw TM (highest average of
12.1%), compared to Marcec’s (2016) study, there was an improved post-thaw RM (47.2% vs.
30.9%) and lower post-thaw TA (4.6% vs. 15.6 – 17.8%). Guy et al. (2020) applied 10% Me2SO
± 10% trehalose to N. meridionalis and T. kweichowensis, which resulted in 0 – 5.6% and 5.7 –
13.7% post-thaw TM, respectively. Post-thaw RM in T. kweichowensis was also similar to that
observed in the present study (6.9 – 47.2%) with 19.2 – 45.4%, while N. meridionalis only had 0
– 10.8% RM. Post-thaw TA were slightly higher in both newt species, 3.8 – 7.6% in N.
meridionalis and 4.8 – 8.3% in T. kweichowensis, compared to A. tigrinum (Guy et al., 2020).
This demonstrates the transferability of this study’s protocol, developed in a model species, to
another caudate family Salamandridae, and the potential success that may occur for applying this
freezing technique to other Ambystomatidae.
While the majority of work done to date has focused on internally fertilizing species,
there may also be potential for application to externally fertilizing salamanders, namely
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Cryptobranchidae. In A. davidianus, the optimum CPA concentration tested was 10% Me2SO
with 10 – 15% total post-thaw motility (Peng et al., 2011). However, in C. alleganiensis, 2.5%
Me2SO resulted in 20% post-thaw motility while higher concentrations (10 and 15%) resulted in
less than 5% motility (Unger et al., 2013). Species-specific sensitivities are known to exist
among many taxa and may explain this discrepancy within the same family. Perhaps the
variability in optimum Me2SO concentrations among caudates is due to different membrane
permeabilities and sperm environment (i.e. spermatophore vs milt and water parameters).
Additionally, while Me2SO does allow for some recovered motility, alternative internal CPAs,
such as glycerol, may be more effective since post-thaw TM remains low.
Trehalose had been previously applied to A. tigrinum by Marcec (2016) at a 5%
concentration and resulted in 0% post-thaw motility when used alone but 13.1 – 13.8% when
combined with 5% Me2SO, which was also higher than Me2SO alone (12.1 – 12.2%).
Furthermore, Marcec (2016) showed there was no effect of trehalose on post-thaw TA following
cryopreservation. These results from Marcec’s study are consistent with our post-thaw results
here, showing that the combination of Me2SO and trehalose result in the highest motility and no
difference in TA following cryopreservation. However, our cryoprotectant toxicity trials suggest
trehalose has a rapid and negative impact on initial sperm motility. Caudate sperm has a large
surface area due to its elongated and slender morphology which, when coupled with potential
high membrane permeability, may allow for rapid equilibration and interaction with trehalose
and other CPAs. Therefore, an acclimation period to CPAs may not be necessary for caudate
spermatozoa, as with salmonids (Lahnsteiner, 2000). Interestingly, Guy et al. (2020) found
trehalose did not affect post-thaw motility and abnormalities in N. meridionalis or T.
kweichowensis. It is possible that trehalose has a greater toxic effect in these two newt species
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that is not overcome by its benefits during the freezing process. These contrasting results
highlight the need for adapting protocols to fit species-specific needs. Although A. tigrinum is a
useful model species for initial development of methods, results from the current study suggest
caution should be taken when utilizing trehalose as a CPA when working with different caudate
species.
Future research should evaluate other external CPAs, such as egg yolk, sucrose, and
glucose, which may have fewer toxic effects than trehalose, while still offering protection during
cryopreservation. Egg yolk is commonly used in mammal sperm cryopreservation, while
sucrose and glucose have been successfully used in salmonids with > 50% post-thaw motility
(Figueroa et al., 2016; Judycka et al., 2018). Additionally, findings from a pilot study on A.
tigrinum indicated that sucrose and glucose are not as toxic as trehalose to caudate sperm (Gillis,
unpublished data). Moreover, Figiel (2013) noted that 10% sucrose in Ambystoma mexicanum
spermatophores had a high success of post-thaw viability (> 60%) using a live/dead stain,
although motility was not assessed. The use of spermatophores in that study may have offered
additional protection from ice formation and osmotic stress through natural components. Lastly,
Marcec (2016) found 5% sucrose in A. tigrinum had reduced post-thaw TM and RM compared to
5% trehalose, although it is possible that higher concentrations could result in enhanced motility.
Results from this study indicate freeze rate significantly affects both post-thaw TM and
RM in A. tigrinum. Marcec (2016) froze sperm at a slower freezing rate than either rate tested
here, using a height of 20 cm above LN2, with 5% Me2SO + 5% trehalose that resulted in similar
post-thaw TM (13.1 – 13.8%) as our -20°C/min – 35°C/min or 10 cm TM, although that study
had a lower RM and higher percent TA. Our improved post-thaw variables may be due to a
balance of increased toxic effects due to a higher concentration of trehalose and faster freeze
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rate. Unger et al. (2013) found the highest post-thaw motility following immediate freezing in C.
alleganiensis. However, when we preliminarily attempted freezing heights lower than 10 cm (2
and 5 cm) above LN2, we had very little post-thaw TM (0 – 2.5%; Gillis, unpublished data).
Figiel (2013) did not observe an effect of freeze rate on viability in A. mexicanum
spermatophores, but again this could be a result of using spermatophores compared to milt in our
study. We recommend a freeze height of 10 cm corresponding to a rate of ~ -20°C/min –
35ºC/min, regardless the concentration of CPAs due the overall increase in TM at this height.
Spermatozoa cryopreservation has been recommended to advance captive breeding and
procedures like the ones described in the present study are critical to the establishment of
amphibian GRBs as well as the preservation of at-risk species. This study adds to the limited
literature on caudate cryopreservation by demonstrating the toxicity of trehalose to sperm
motility and the benefit of faster freeze rates. Specifically, the toxic effects of trehalose on
motility were evident immediately following mixing with fresh sperm samples, although
trehalose did appear to have a small benefit during the freezing process as the addition of
trehalose resulted in higher post-thaw motility. We suggest that other non-destructive nonpermeating CPAs, like sucrose or glucose, be tested to reduce the toxic effects on initial motility,
which should result in higher post-thaw recovered motility values. Additional findings in this
study suggest a faster freeze rate of -20 – 30ºC/min can be used to mitigate initial toxic effects of
trehalose. Application of these protocols developed in the model A. tigrinum to threatened
species has already shown potential for sperm preservation in N. meridionalis and T.
kweichowensis. With caudate populations declining at alarming rates worldwide, studies
developing cryopreservation methods specific to salamanders and newts will continue to directly
impact conservation efforts and help save the genetic diversity of this unique taxa.
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CHAPTER IV
APPLICATION OF SPERM COLLECTION AND CRYOPRESERVATION
TO THREATENED NEWT SPECIES
Introduction
Precipitous population declines of amphibians worldwide have compelled zoos and
aquariums to establish captive breeding and conservation programs to help stem further losses
(Griffiths & Pavajeau, 2008; Harding et al., 2016). These amphibian assurance colonies are a
valuable tool for conservation because they serve as a hedge against extinction, produce
offspring for reintroductions, and can be used to raise awareness (Harding et al., 2016; Lewis et
al., 2019; Zippel et al., 2011). The Association of Zoos and Aquariums (AZA) further manages
these captive populations through Species Survival Plans (SSPs®), which coordinate
conservation, research, husbandry, management, and educational initiatives. Current amphibian
SSPs are focused on anuran (frog and toad) populations (AZA, 2020). While efforts exist to
manage caudate (salamander and newt) species in captivity, there are no designated caudate
SSPs, placing them at greater risk of extinction. In fact, wild populations of salamanders and
newts are declining at a higher rate with ~52% of described species considered threatened
compared to ~31% for frogs and toads (IUCN, 2020). Therefore, establishing successful and
sustainable captive breeding programs for caudates should be a critical priority in the creation of
species recovery plans. However, salamander captive propagation can be challenging due to the
inability to re-create environmental stimuli needed to prompt reproductive behavior (Bronson &
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Vance, 2019; Ettling et al., 2013), which threatens the long-term sustainability of these assurance
colonies and hinders recovery goals for the species.
Anuran breeding programs have been able to bypass issues related to poor captive
reproduction by developing assisted reproductive technologies (ART), such as hormone therapy
and cryopreservation, to aid in propagation (Clulow, Trudeau, & Kouba, 2014; Kouba et al.,
2012; Kouba, Vance, & Willis, 2009; Silla & Byrne, 2019). Exogenous hormone therapy, is a
technique that facilitates captive breeding by initiating an endogenous cascade of gonadotropic
and steroid hormones and induction of gamete expression, thereby circumventing the
environmental cues normally needed to initiate a breeding event (Bronson & Vance, 2019; Silla
& Byrne, 2019). Although there are several reviews summarizing exogenous hormone-induced
spermiation in anuran species (Bronson & Vance, 2019; Kouba & Vance, 2009; Silla & Byrne,
2019), there is a scarcity of information specific to caudate ART development. To date, gametes
have been collected using exogenous hormones from only the Ambystoma mexicanum (Mansour
et al., 2011), Ambystoma tigrinum (Marcec, 2016), Necturus beyeri (Stoops et al., 2014), Andrias
davidianus (Peng et al., 2011), and Pleurodeles waltl (Uteshev et al., 2015). Caudates display a
wide range of reproductive strategies with the majority (~90% species) displaying internal
fertilization by way of a spermatophore (Duellman & Trueb, 1994). We know very little about
how to freeze spermatophores or how to conduct artificial fertilization and in-vitro fertilization
with them. However, previous studies by our lab on A. tigrinum (Marcec, 2016) showed that
hormone therapy could be used to collect spermic urine or milt, prior to formation of the
spermatophore, opening up the possibility for freezing sperm through modes similar to those
developed for anurans.
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Cryopreserving caudate gametes would facilitate breeding programs to preserve valuable
genetics from non-productive, aging or deceased animals, similar to anurans (Clulow et al.,
2019; Kouba & Vance, 2009), especially when combined with exogenous hormone treatments
and in-vitro fertilization (Vance et al., 2018). Amphibian sperm cells display vast differences in
cell morphology, size, membrane composition, and sperm concentration across species; thus,
cryopreservation methods developed for anurans (Kouba & Vance, 2009) will likely need to be
adapted for caudates to maximize post-thaw motility. To date, motility or viability has been
successfully recovered from frozen-thawed sperm in Cryptobranchus alleganiensis (Unger et al.,
2013), A. davidianus (Peng et al., 2011), A. mexicanum (Figiel, 2013), and A. tigrinum (Marcec,
2016). Yet, sperm cryopreservation has not been attempted in any of the >60 newt species.
With caudate populations declining rapidly, sperm cryopreservation studies are needed to not
only expand the existing knowledge, but importantly, maintain the genetic diversity of these
populations and conserve founder animals before they expire.
The transferability of protocols to different species is crucial for effective conservation,
as developing new procedures for every targeted species would be overwhelming and beyond the
capability of the limited number of specialists working in this field. At-risk captive caudates
often have few animals available for the rigorous scientific studies needed to develop effective
ART procedures, leading researchers to conduct experiments on a closely-related model species
before applying the methodology to a suite of species within that genera (Langhorne, 2016;
Marcec, 2016; Poo & Hinkson, 2019). Therefore, the purpose of this study was to test the
efficacy of hormone-induced spermiation and cryopreservation protocols that were developed on
a model species, the tiger salamander (Ambystoma tigrinum), and apply those protocols to three
threatened newt species, the black-spotted newt (Notophthalmus meridionalis), Iranian harlequin
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newt (Neurergus kaiseri) and Kweichow newt (Tylototriton kweichowensis). We chose to apply
our protocols across families based on the species available at our partner institution, the Fort
Worth Zoo. Results from this study will benefit long-term genetic management of these three
threatened newt species, in addition to evaluating transferability of developed protocols to novel
species of conservation-concern. Specific objectives were to: (1) evaluate hormone-induced
spermiation response; (2) characterize sperm motility and concentration over time; (3) assess the
utility of existing cryopreservation approaches on post-thaw motility and morphology of newt
spermatozoa; and (4) measure the impact of the cryodiluent trehalose or different thawing
temperatures on post-thaw sperm parameters.

Methods and materials
Animals
Permission was obtained from the Fort Worth Zoo (FWZ) (Fort Worth, TX, USA) to
conduct sperm collection and gamete cryopreservation research on T. kweichowensis (n = 6), N.
kaiseri (n = 5), and N. meridionalis (n = 10). The conservation status of these species is
threatened, with T. kweichowensis and N. kaiseri listed as vulnerable while N. meridionalis is
classified as endangered (IUCN, 2020). Body size and cloacal swelling were used to determine
sex and reproductive maturity, which was confirmed by ultrasound analysis of gonads prior to
hormone therapy. Animals were removed from their enclosures and placed into temporary
holding containers (9 cm x 10.5 cm) with 1 - 7 cm of filtered reverse-osmosis water to encourage
absorption and production of urine/milt. N. meridionalis is fully aquatic so holding containers
were filled with water for that species. Males were left in the temporary holding containers for 3
- 4 days until the conclusion of the study. During the experimental period, animals were fasted
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and water was changed twice daily. Studies were reviewed and approved by the Mississippi
State University IACUC (#17-189) and the FWZ IACUC (2017-04-13).
Experiment 1: Hormone-induced spermiation
Males from the three newt species were administered the two-step hormone treatment
developed in tiger salamanders, specifically a priming dose of 0.025 µg/g body weight (BW) of
Gonadotropin Releasing Hormone analog (GnRH-a; #L4513, Sigma Aldrich, St. Louis, MO,
USA) was administered intramuscularly with a resolving dose of 0.1 µg/g BW given 24 hours
later. For sperm expression, the sides of the salamander were gently massaged toward the cloaca
and pressure applied to encourage excretion of sperm (Marcec, 2016). The sperm may be
excreted in various forms, including spermic urine or milt, which are early stages of
spermatophore formation. Milt was defined to be a milky and viscous sample, while spermic
urine was defined as a clear, free-flowing watery solution. We chose not to use spermatophores
for two reasons: (1) the gelatinous matrix encapsulating the sperm is very difficult to break up
making traditional sperm freezing using cryostraws difficult; and (2) spermatophores are not
conducive for use with in-vitro fertilization, which is the principal application of cryopreserved
sperm. Sperm collections were attempted at 0.5, 1, 3, 5, 7, 24, and 28 hours after the resolving
dose; however, some differences in collection times occurred between species due to husbandry
management of the animals and facility access. As such, N. kaiseri were sampled at 0.5, 1, 3, 5,
7, 24, and 28 hours, while T. kweichowensis were sampled at 0.5, 3, 5, 24, and 28 hours postresolving dose. Lastly, N. meridionalis sperm collections occurred at 0.5, 5, 7, and 24 hours postresolving hormone administration.
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Sperm collection and analysis
Sample collection techniques are similar to methodology described in Mansour et al.
(2013) and Marcec (2016). The male was held ventral side up and abdomen, cloaca, and tail
were blotted dry followed by 5 seconds of cloacal massage. Sperm was expressed by gentle
downward pressure on the abdominal sides toward the cloaca, followed by gentle pressure on the
pelvic region, anterior to the hind-legs. Milt and spermic urine samples were collected using a
pipette (10 – 100 µL), directly from the cloaca or petri dish located below the animal, which was
used to capture overflow during the procedure. This technique was adapted to fit the various
challenges associated with the different species as needed. Specifically, N. kaiseri were smaller
such that pressure at the pelvic region was changed to applying pressure to both sides of the
pelvic region simultaneously, similar to Mansour et al. (2013). N. kaiseri also urinated
spontaneously (sometimes in the absence of cloacal stimulation), so quickly blotting excess
water and observing the individual for spermic urine was often sufficient for sample collection.
No alterations to the collection methodology were made for either T. kweichowensis or N.
meridionalis.
All samples were classified as aspermic, spermic urine or milt and analyzed for sperm
motility, abnormalities, and concentration. A gently mixed 5 uL subsample was evaluated on a
glass slide without a coverslip for motility analysis, and samples with very high sperm
concentration (i.e. ≥ 2.5 x 104 sperm/mL) were diluted ~100X in 2% trehalose + 0.2% bovine
serum albumin (BSA). Using a phase contrast microscope at 20X magnification, motility was
calculated by randomly counting 100 sperm cells and classifying each as either forward
progressive motile (FPM), non-progressive motile (NPM), or non-motile (NM). Forward
progressive motility was defined as the sperm cell actively moving forward or in a circular
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motion, depending on the species, while non-progressive motile spermatozoa were defined by
having an active undulating membrane despite no actual forward or circular progression.
Spermatozoa were classified as non-motile if the undulating membrane was not moving and no
other visible movements were observed. Abnormalities were counted similarly and were
classified as spermatozoa that had a broken/misshapen head or tail. Lastly, sperm concentration
(sperm/mL) was measured on a hemocytometer using a diluted sample.
Experiment 2: Cryopreservation and post-thaw analysis
Cryopreservation procedures followed methods previously outlined in Marcec (2016),
where spermic urine or milt samples were separated into multiple aliquots and diluted to a
concentration of 2 x 106 sperm/mL in a 2% trehalose + 0.2% BSA solution. While chilled in an
ice bath (~0°C), 100 L aliquots of sperm samples were slowly mixed 1:1 with one of two
cryoprotectant treatments: (1) 10% dimethyl sulfoxide (Me2SO) + 1% BSA, or (2) 10% Me2SO
+ 1% BSA + 10% trehalose, immediately loaded into 0.25 ml cryostraws, placed in liquid
nitrogen (LN2) vapor at a height of 10 cm for 10 minutes, and then plunged into LN2.
Cryostraws were stored in a dry shipper (CX100, Worthington Industries, Inc., Columbus, Ohio,
USA) for transport to Mississippi State University and post-thaw analysis. Frozen sperm
aliquots were thawed using one of two different methods: (1) a wet thaw, immersed in a 40°C
water bath for 5 sec; or (2) dry thaw, resting on a counter top at ~20°C for 5 min, as outlined by
Marcec (2016). Post-thaw sperm motility and abnormality parameters were measured as
described above. Percent-recovered motility relates the post-thaw motility to the initial motility
of sperm immediately after collection, but prior to chilling in an ice-bath or mixture with
cryoprotectant solution (thawed motility/initial motility x 100). The duplicate subsamples for
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each straw were averaged together to obtain a single value for each straw prior to statistical
analysis.
Statistical analysis
The number of males responding to hormone stimulation (producing milt or spermic
urine) between the three species was analyzed using a Fisher’s Exact Test. Data were compiled
into a 2 (Binary Response) X 3 (Species) contingency table prior to analysis. Progressive
motility (%), non-progressive motility (%), total motility (%), abnormalities (%) and total sperm
concentration were analyzed using a mixed model analysis of variance (ANOVA) to account for
repeated sampling of the same individuals at each collection time. The fixed effect factor was
collection time and the random effect was defined as the individual animal (experiment unit).
All percentage data were logit transformed before analysis with zero values changed to 0.0001
and values of 100% changed to 99.9999 to allow for logit transformations. Assumptions of
normality and homogeneity of variance were checked using the Shapiro-Wilk and Levene’s test,
respectively. Differences were considered significant at p < 0.05 with a Tukey’s multiple
comparison conducted for pairwise comparisons when significant treatment effects were
detected. Only individuals that produced a sample were included in the analysis and a type II
sum of squares was used in the analysis to account for unbalanced data between collection times
(Langsrud, 2003). Lastly, separate analysis was conducted for each species due to the
differences in times of collection.
For post-thaw analysis of cryopreserved samples, recovered progressive (%), recovered
non-progressive (%), recovered total motility (%), and post-thaw abnormalities were analyzed
with a factorial arrangement of treatments in a randomized complete block design, where blocks
were defined as individual males (n = 2 for T. kweichowensis or n = 3 for N. meridionalis) and
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frozen straws classified as the experimental units. Main effect factors in the experiment included
the cryoprotectant (with or without 10% trehalose) and thawing temperature (20°C or 40°C),
which resulted in four treatment combinations. The number of replicates for each treatment
combination was kept consistent between blocks to mitigate any potential block effect (n = 4 or 6
total replicates for T. kweichowensis and N. meridionalis, respectively; n = 2 replicates per TRT
per individual for each species). All data were analyzed with an ANOVA, where the fixed effect
factors were cryoprotective agent (CPA), thaw temperature, and individual male. Separate
analysis was conducted for each species. All percentage data were transformed using an arcsinsquareroot transformation to meet assumptions of normality and homogeneity of variance, which
were tested using Shapiro-Wilk and Levene’s test, respectively. When no significant interaction
effects were observed, the terms were removed from the model statement. Differences were
considered significant at p < 0.05 and a Tukey’s multiple comparison was conducted when
significant treatment effects were detected. Statistical analyses in both experiments were
conducted using program R (R Core Team).
Results
Sperm collection and analysis post-hormone administration
The number of males responding to hormone regimen was different (p = 0.0002) across
newt species (Figure 4.1). Exogenous hormones induced 100 % (n = 10/10) of the N.
meridionalis and 67 % (n = 4/6) of T. kweichowensis to produce milt or spermic urine, but N.
kaiseri did not produce sperm 0 % (n = 0/5) in response to the GnRH-a treatments (Figure 4.1).
Thus, no further analysis in sperm parameters was conducted for N. kaiseri. Figure 4.2 shows
phase contrast images for T. kweichowensis and N. meridionalis, highlighting the various aspects
of sperm anatomy.
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Figure 4.1

Response of male newts to exogenous hormone therapy.

Percentage of males responding to hormone stimulation by producing either milt (dark grey bar)
or spermic urine (light grey bar).

Figure 4.2

Images of newt sperm.

Images of T. kweichowensis (Panel A) and N. meridionalis (Panel B) sperm under dark phasecontrast microscopy at 20X magnification. The tail membrane can be observed from the ridges
following the end of the wider, smooth head in both species. Morphological differences between
the species can also be seen with N. meridionalis displaying more curvature to the head and
longer tails than in T. kweichowensis.
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Overall, a majority of N. meridionalis (9/10) and T. kweichowensis (3/6) produced milt in
response to GnRH-a treatment; however, milt and spermic urine were expressed at different time
intervals and with variable duration (Figure 4.3). In both species, all the animals producing milt,
(3/3 T. kweichowensis, and 9/9 N. meridionalis), did so in the first 30 minutes after the
spermiation dose of GnRH-a. However, by the 3 hour collection, milt was depleted from the T.
kweichowensis (4/4), which were only expressing spermic urine, while a majority of the original
milt-producing N. meridionalis (5/9) were expressing milt 5 hours later (Figure 4.3). Moreover,
a resurgence of milt expression was seen again after 24 hours from individual T. kweichowensis
(2/3) and N. meridionalis (2/9), despite all these individuals having shifted to producing spermic
urine prior to the 24 hour collection.

Figure 4.3

Induced male newt sperm expression.

Induced sperm expression over time in T. kweichowensis (Panel A) and N. meridionalis (Panel
B). The left axis shows the number of males producing milt (dark grey bars) or spermic urine
(light grey bars). The right axis shows sperm concentration as Mean ± SEM (sperm/mL x 106) on
a logarithmic scale.
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The mean sperm concentrations for both species, at each time point, are shown in Figure
4.3. The mean sperm concentration ranged from 0.81 - 26.05 x 106 sperm/mL for T.
kweichowensis (Table 4.1) and from 1.59 - 57.56 x 106 sperm/ml for N. meridionalis (Table 4.2).
The highest sperm concentrations are associated with the presence of milt type samples and are
typically observed in the early collection periods and again after 24 hours. There was a
significant difference in sperm concentration (p = 0.0113) in T. kweichowensis and in N.
meridionalis (p < 0.0001) with time of sample collection. Milt from individual T. kweichowensis
ranged in sperm concentration from 0.98 - 69.87 x 106 sperm/ml, while the spermic urine range
was 0.02 - 7.75 x 106 sperm/ml, with some overlap in sperm concentration across sample type.
In N. meridionalis individual milt samples ranged from 26.56 - 106.25 x 106 sperm/ml, while the
spermic urine range was much lower, 0.01 - 17.12 x 106 sperm/ml. The total sperm produced at
each time point is calculated using the volume of sample collected, and although there was not a
significant difference (p = 0.0575) in total sperm produced at each time point for T.
kweichowensis, there were differences (p < 0.0001) in N. meridionalis.
Sperm samples had an average range in total motility of 17 - 62% and 58 - 77% for T.
kweichowensis and N. meridionalis, respectively. Over time, sperm progressive motility (p =
0.2462), non-progressive motility (p = 0.1176), and total motility (p = 0.1256) were similar for T.
kweichowensis (Table 4.1). Likewise, no significant differences across time in sperm
progressive motility (p = 0.3572), non-progressive motility (p = 0.7033), or total motility (p =
0.0517) was observed in N. meridionalis (Table 2). Thus, sperm motility was fairly constant
over the first 24 - 28 hours post-hormone administration in samples collected from either species.
Although sperm motility parameters were similar, the number of motile spermatozoa
(total motility*total sperm) was significantly different based on time of collection for both
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species (Table 4.2). T. kweichowensis sperm concentration and total motile sperm had
interesting multiple comparisons where no pairwise comparison yielded significant differences
between specific time points. Since the Tukey honestly significant difference test is a
conservative multiple comparison test (Abdi & Williams, 2010), it is likely that the low sample
size for T. kweichowensis (N = 4 or 3) contributed to the non-significant findings when pairwise
comparisons were conducted. N. meridionalis samples collected 7 hours post-resolving dose
yielded significantly lower sperm concentrations, compared to all other time points, while the
other pairwise comparisons were not significant (Table 4.2). N. meridionalis samples collected
at 0.5 hours post-resolving dose displayed higher total sperm (p = 0.0001) and total sperm
motility (p = 0.0005) compared to samples collected 7 hours post-resolving dose. No other
comparisons were significantly different for either analysis. It is not surprising differences were
found in the number of total sperm and total motile sperm considering the proportions of milt
and spermic urine discussed previously.
No differences were found in the number of sperm exhibiting head or tail abnormalities
based on time of collection for samples collected from T. kweichowensis; whereas, N.
meridionalis showed a decrease (p < 0.0001) in sperm abnormalities over time (Table 4.1 and
Table 4.2). Specifically, N. meridionalis displayed significantly more abnormalities in sperm
structure at 0.5 hours post-resolving dose compared to 7 hours (p < 0.0001) and 24 hours (p <
0.0001) (Table 4.2). Likewise, structural abnormalities were significantly higher in samples
collected at 5 hours post-spermiation dose compared to 7 hours (p = 0.0174) and 24 hours (p =
0.0009). The percent of sperm exhibiting head or tail abnormalities never exceeded 3% for the
T. kweichowensis or 5% for N. meridionalis, suggesting a high fraction of mature sperm were
excreted following hormone administration.
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Table 4.1

Sperm characteristics for male T. kweichowensis samples.

Time

Progressive Motile
(%)

Non -Progressive Motile
(%)

Total Motility
(%)

N

Volume (mL)

Abnormalities (%)

0.5 hr

4

0.03 ± 0.01

5±1

31 ± 5

37 ± 5

3±1

3 hr

3

0.27 ± 0.22

28 ± 18

33 ± 8

62 ± 11

2±1

5 hr

4

0.09 ± 0.02

18 ± 10

40 ± 3

58 ± 10

2±1

24 hr

3

0.10 ± 0.04

19 ± 9

23 ± 6

42 ± 15

3±1

28 hr

3

0.68 ± 0.66

3±2

14 ± 7

17 ± 8

3±3

p-value
0.2462
0.1176
0.1256
0.8048
Summary of sperm characteristics for male T. kweichowensis samples collected over a period of 28 hours post-spermiation dose,
values reported as Means ± SEM.
Table 4.1 (continued)

(Sperm/mL x 106)

Total Sperm
(x 106)

Total Motile Sperm
(x 106)

26.05 ± 15.14

0.54 ± 0.22

0.131 ± 0.065

0.81 ± 0.25

0.24 ± 0.18

0.147 ± 0.110

2.88 ± 1.81

0.22 ± 0.12

0.104 ± 0.057

1.94 ± 0.32

0.01 ± 0.01

0.003 ± 0.001

1.06 ± 0.81

0.06 ± 0.03

0.017 ± 0.013

0.0113

0.0575

0.0112

Concentration
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Table 4.2

Sperm characteristics for male N. meridionalis samples.
N

Volume (mL)

Progressive motile
(%)

Non-Progressive motile
(%)

Total Motility
(%)

Abnormalities (%)

0.5 hr

9

0.02 ± 0.004

20 ± 2

37 ± 5

58 ± 6

5 ± 1a

5 hr

10

0.02 ± 0.003

33 ± 8

32 ± 5

65 ± 7

2 ± 1a

7 hr

10

0.04 ± 0.014

38 ± 9

39 ± 7

77 ± 8

1 ± 1b

24 hr

8

0.01 ± 0.001

43 ± 7

30 ± 7

72 ± 4

0 ± 0b

Time

P-Value
0.3572
0.7033
0.05176
< 0.0001
Summary of sperm characteristics for male N. meridionalis samples collected over a period of 24 hours post-spermiation dose. Values
are reported as Means ± SEM, different lowercase letters represent significance within a column, statistical analysis was conducted on
transformed data as described.
Table 4.2 (continued)

(Sperm/mL x 106)

Total Sperm
(x 106)

Total Motile Sperm
(x 106)

57.56 ± 8.84a

1.30 ± 0.34a

0.75 ± 0.17a

24.97 ± 12.22a

0.51 ± 0.35a,b

0.28 ± 0.17a,b

1.59 ± 0.75b

0.04 ± 0.03b

0.04 ± 0.02b

21.02 ± 8.28a

0.18 ± 0.08a,b

0.12 ± 0.06a,b

< 0.0001

< 0.0001

0.0001

Concentration
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Cryopreservation and post-thaw analysis
The absolute post-thaw sperm motility is equivalent to the overall motility in a thawed
sample (Error! Reference source not found. and Error! Reference source not found.); but
recovered sperm motility reflects how well initial motility is maintained through the freeze-thaw
cycle, and is calculated as the ratio of absolute post-thaw motility to the initial motility for each
individual sample and shown as the Means ± SEM, (Error! Reference source not found.). In
both newt species and all treatments, the absolute total motility is comprised almost exclusively
of non-progressive motile spermatozoa. While absolute post-thaw sperm motility is low and
ranges from 5.7 - 13.7% for T. kweichowensis across cryosolution and thawing temperature
treatments (Error! Reference source not found.) the mean recovered motility ranges from 19.2
- 45.4% (Error! Reference source not found.A). The absolute post-thaw motility was also low
from N. meridionalis ranging from 0 - 5.6% (Table 4.4), as was the recovered motility which
ranged from 0 - 10.8%, (Error! Reference source not found.B).
T. kweichowensis samples exhibited similar post-thaw sperm motility parameters and
structural integrity for all temperature and cryosolutions tested (Error! Reference source not
found.A and Error! Reference source not found.). Specifically, the cryoprotectant solution did
not affect recovered total motility (p = 0.7568), recovered non-progressive motility (p = 0.7198),
absolute total motility (p = 0.8926), or abnormalities (p = 0.9103). Similarly, thaw temperature
did not affect recovered non-progressive motility (p = 0.3721), recovered total motility (p =
0.3901), absolute total motility (p = 0.4313) and abnormalities (p = 0.0526). No significant
individual (block) effects were observed for any post-thaw response variable in the T.
kweichowensis analysis.

88

In N. meridionalis sperm samples, a significant main effect for thawing temperature was
observed during the post-thaw analysis (Error! Reference source not found.B and Error!
Reference source not found.). Specifically, sperm samples undergoing a wet-thaw at 40°C
displayed higher absolute total motility (p < 0.0001), recovered non-progressive motility (p <
0.0001) and recovered total motility (p < 0.0001) compared to those undergoing a dry-thaw at
20°C, regardless of cryoprotectant. In contrast, thawing temperature had no effect (p = 0.3686)
on the percentage of structurally abnormal sperm observed (> 10%) (Table 3). Additionally,
supplementation with 10% trehalose did not affect absolute total motility (p = 0.8411), recovered
non-progressive motility (p = 0.7216), recovered total motility (p = 0.8520), or percent of
abnormal spermatozoa (p = 0.2113). There was a significant individual (block) effect for
absolute total motility (p = 0.0041), recovered non-progressive (p = 0.0054) and recovered total
motility (p = 0.0133) for N. meridionalis, although no individual effect was detected for
abnormalities (p = 0.4632).
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Table 4.3

Post-thaw sperm parameters for male T. kweichowensis.

Cryosolution

Thawing
Temp (°C)

N

Progressive
Motile (%)

Non-progressive
Motile (%)

Total Motility
(%)

Abnormalities
(%)

Me2SO+BSA+Treh

40

4

0.12 ± 0.1

11.8 ± 6.2

11.9 ± 6.1

8.3 ± 1.4

Me2SO+BSA+Treh

20

4

0.0 ± 0.0

5.8 ± 2.9

5.8 ± 2.9

6.0 ± 3.0

Me2SO+BSA

40

4

0.0 ± 0.0

13.8 ± 6.9

13.8 ± 6.9

9.5 ± 4.8

Me2SO+BSA

20

4

0.0 ± 0.0

13.3 ± 6.6

13.3 ± 6.6

4.8 ± 2.4

Values reported as Means ± SEM

Table 4.4

Post-thaw sperm parameters for male N. meridionalis.

Cryosolution

Thawing
Temp
(°C)

N

Progressive
Motile (%)

Non-progressive
Motile (%)

Total Motility
(%)

Abnormalities
(%)

Me2SO+BSA + Treh

40

6

0.0 ± 0.0

5.6 ± 2.0

5.6 ± 2.0

4.3 ± 1.8

Me2SO+BSA + Treh

20

6

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

3.8 ± 0.8

Me2SO+BSA

40

6

0.0 ± 0.0

4.5 ± 2.1

4.5 ± 2.1

7.6 ± 1.8

Me2SO+BSA

20

6

0.0 ± 0.0

0.5 ± 0.4

0.5 ± 0.4

4.4 ± 1.2

Values reported as Means ± SEM
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Figure 4.4

Newt recovered total post-thaw motility.

Recovered total post-thaw motility for T. kweichowensis (Panel A) and N. meridionalis (Panel B)
for sperm cryopreserved in 10% Me2SO + 1% BSA, with or without 10% trehalose and reported
as Mean ± SEM To compare thaw rates on recovered motility, samples underwent either a wetthaw (40°C) or dry thaw (20°C) as described in the methods. Different letters indicate
significant effect (p < 0.0001) of thawing temperature within the cryoprotectant treatment.
Recovered motility is defined as (initial/post-thaw x100), where the initial sperm motility was
defined as the motility of sperm immediately after collection and prior to any pre-freeze steps.
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Discussion
This is the first study to describe the successful cryopreservation of sperm from two
threatened newt species and only the second study to demonstrate that sperm can be noninvasively collected from live male newts using exogenous hormones. Although, recovered
motility post-thaw was better in T. kweichowensis than in N. meridionalis, this study establishes
that protocols outlined in Marcec (2016) were successful in preserving newt sperm through the
cryopreservation process. Furthermore, exogenous hormone protocols developed in the model
species A. tigrinum were successful in eliciting spermiation in two of the three newt species
targeted. We are uncertain why the five N. kaiseri did not produce sperm following hormone
administration; however, it could be related to seasonality, environment, hormone concentrations
or the timing of sample collection. N. kaiseri naturally breed in the late winter but the
experiments were performed in late July and no attempt was made to brumate the animals
beforehand. Additionally, the individuals were not kept fully aquatic, in contrast to their
presumed natural pond environment. Future efforts to collect sperm in N. kaiseri may include
modifications to the time of year experiments are conducted and the holding environment of the
animals. The dosage or priming regimen of GnRH-a given may also be altered or an alternate
hormone may be attempted such as human Chorionic Gonadotropin (hCG), which has been
shown to induce a spermiation response in several anuran species (Kouba et al., 2012a; Kouba et
al., 2012b; Kouba & Vance, 2009; Mansour et al., 2011; McDonough et al., 2016; Silla &
Roberts, 2012). Work by Uteshev et al. (2015) in P. waltl demonstrated success with a higher
concentration of GnRH-a than used here and also showed that hCG could also elicit sperm
production in this species, albeit at lower concentrations.
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In this study, spermiation was successfully induced in N. meridionalis and T.
kweichowensis using a two-step hormone regimen of GnRH-a developed for A. tigrinum.
Neither species exhibited any differences in sperm motility based on collection time, suggesting
sperm quality is fairly constant for the first day after administration of the resolving dose of
GnRH-a. This pattern is similar to motility profiles for anuran species stimulated with
exogenous hormones (Kouba et al., 2012b; Kouba & Vance, 2009; McDonough et al., 2016). In
contrast to motility, concentration of sperm varied between collection times, with both newt
species expressing milt and thus higher amounts of sperm 30 minutes following the resolving
dose of GnRH-a and lower amounts as the collection time increased and more spermic urine was
produced. The average concentration of sperm found in both N. meridionalis (57 x 106/mL) and
T. kweichowensis (26 x 106/mL) at 30 min is within the range of concentrations previously
reported by our lab for A. tigrinum milt (1.4 - 155 x 106/mL) [22], but is much higher than in
other caudate species. Mansour et al. (2013) reported concentrations of 15.2 ± 3.9 x 106/mL and
14.4 ± 5.1 x 106/mL in A. mexicanum following injection of Ovopel pellets and hCG,
respectively. However, Uteshev et al. (2015) only described concentrations of 6 - 22 x 103/mL
in P. waltl. The general trend in decreasing sperm concentration over time for the two newt
species in this study is different from Marcec’s findings in A. tigrinum (Marcec, 2016), which
reported inconsistent motility and concentration levels over several days, along with irregular
sperm production.
Interestingly, both milt and spermic urine were produced by T. kweichowensis and N.
meridionalis, with the majority of animals producing milt at some point during the collection
period. Although a clear trend was not apparent for when milt or urine would be produced, it
does appear that milt was produced by the majority of animals within the first 30 minutes
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following hormone administration and again 24 hours later. These variable levels of milt
production shown here for newts, have also been seen sporadically in A. tigrinum, and may be
related to the packaging process of making multiple spermatophores over time (Duellman &
Trueb, 1994). The current study was limited to ~1 day so it is plausible that the newt species in
this study could have displayed a similar variable concentration trend had the collection times
lasted longer.
Considering that milt was found to have a sperm concentration 10 - 100x higher than
urine, our results clearly show the importance of collecting within the first 30 min if the goal is
to cryopreserve large numbers of spermatozoa for future in-vitro fertilization efforts. We also
show that milt or spermic urine can be collected at multiple time points, allowing for the banking
of large amounts of sperm, which can be collected 4 - 5 times over 24 hours. Repeated
collections have been effective in A. tigrinum (Marcec, 2016) and several anuran species (Kouba
et al., 2012, 2013; Kouba & Vance, 2009; McDonough et al., 2016; Silla & Byrne, 2019).
Sperm cryopreservation has been recommended as a tool to maintain or enhance genetic
diversity for small captive populations and as a method to link ex-situ and in-situ populations of
threatened anurans (Wren et al., 2015), yet similar studies evaluating sperm cryopreservation for
caudates are scarce. This study adds to the literature by demonstrating that a cryoprotectant
composed of 10% Me2SO + 1% BSA with or without 10% trehalose can be used to freeze T.
kweichowensis and N. meridionalis sperm. Absolute post-thaw total motility was low for sperm
samples from both species with the average not exceeding 6% for N. meridionalis or 14% in T.
kweichowensis. The post-thaw absolute motility results are similar to what our lab achieved in
the A. tigrinum (9.3 - 13.8%; Marcec, 2016) and has been reported for the A. davidianus (10 15%; Peng, 2011). While absolute motility was lower than anticipated post-thaw, the mean
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recovered (relative) motility from pre-freeze levels was nearly 45% in N. meridionalis. Future
efforts to maximize post-thaw sperm recovery will explore different freezing rates or changing
the composition of the cryoprotectant medium.
Figiel found that A. mexicanum spermatophores frozen in a 10% sucrose solution,
without a penetrating cryoprotectant, had a high level of viability (>60%) using a live/dead stain,
although motility was not evaluated (Figiel, 2013). We are not able to directly compare our
results to that study; however, it may be that while post-thaw sperm motility was low for our
newt species, viability could be much higher. A higher viability may open up the possibility of
using more advanced technologies for generating additional offspring, such as through the use of
intra-cytoplasmic sperm injection (ICSI), which is regularly employed for the production of
transgenic Xenopus (Chesneau et al., 2008). A unique aspect of the Figiel study was the
cryopreservation of spermatophores (Figiel, 2013). We chose to utilize spermic urine and milt
instead of spermatophores because in a spermatophore the sperm would need to be
mechanistically removed from the gel matrix upon thawing. Currently, there is not an efficient
physical or enzymatic method for the release of sperm from the gel matrix that does not damage
the sperm cells and reduce overall motility (Marcec, unpublished data). The use of spermic urine
or milt allows for the transferability and ease of the sperm freezing process. Thus, many different
institutions, which may have minimal resources, can utilize current cryostraw protocols for direct
application to in-vitro fertilization procedures.
Results from this study indicate that thawing temperature significantly impacts post-thaw
motility in N. meridionalis samples, suggesting sperm should be thawed at a faster rate (40°C) to
maximize recovered motility. Conversely, our post-thaw analysis for T. kweichowensis showed
similar motility obtained at both thawing temperatures, although this may be more reflective of
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the lower sample size compared to the N. meridionalis. Figiel (2013) compared the same two
thawing rates we tested and found no difference on sperm viability post-thaw. Sperm viability
and motility can be very different post-thaw and drawing any conclusions from the two studies
may be too speculative. Additionally, the inclusion of the sugar trehalose to the cryoprotectant
solution did not appear to improve or decrease recovered motility for either species, indicating
that it was not necessary to include trehalose for bio-banking samples from these species. In
contrast, several anuran species have shown that the inclusion of trehalose as an osmoticum has
beneficial impacts during the freezing process (Chesneau et al., 2008; Hinkson, Baecher, & Poo,
2019; Kouba et al., 2012; Langhorne, 2016).
Limitations to this study include the low sample size and observed block effects for the
post-thaw analysis on N. meridionalis. Having low numbers of animals available for research is
an unfortunate reality when dealing with at-risk species. Another problem is that there may be 20
- 30 animals in U.S. zoos, but there are only 2 - 3 at each institution, such that travel expenses to
work with them becomes cost-prohibitive. Threatened populations are small by nature and even
fewer are made available for research as each individual animal becomes increasingly valuable,
and therefore more difficult to work with, as populations dwindle. In an effort to account for the
small sample size, this experiment utilized a Fisher’s exact test, which is commonly used when
conducting statistical analysis on binary data with a small sample size. However, it is likely that
any treatment effects in this study would have become more apparent with an increased sample
size. Additionally, post-thaw data analysis of sperm from N. meridionalis yielded significant
block effects for individual males, but this was anticipated and accounted for during the design
of the experiment. Treatments were evenly distributed between blocks and, therefore, the
observed main effect of thaw temperature is real.
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The protocol described here is a simple method for the collection and cryopreservation of
caudate sperm that could be applied to both the lab and field and does not require complicated
equipment. Sperm could be collected multiple times over 24 hours following hormone
administration, with motility and concentration sufficiently high enough to be used for in-vitro
fertilization. Moreover, following cryopreservation, average post-thaw motilities averaged 0 13%, while recovered motilities averaged 0 - 45%, depending on treatment, which should be
suitable to produce offspring. The procedure is straightforward enough for widespread
application by institutions to begin gene banking caudate sperm samples for genetic and
demographic management. Moreover, these results are promising for augmenting transfer of
genes from the wild to captive populations and support long-term conservation and management
of threatened newt species. Considering the rapid loss of caudate populations around the world,
procedures like those described here could be critical to saving a portion of our amphibian
natural heritage.
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CHAPTER V
SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS
This chapter is a comprehensive summary of the objectives, conclusions, and suggested
future directions from experimental chapters. Overall, this thesis aimed to fulfill research gaps
by characterizing motility longevity in artificially collected caudate sperm samples, investigating
cryoprotective agents and freeze rates in sperm cryopreservation, and applying ART in three atrisk newt species.
Chapter II: Short-term storage of salamander spermatozoa
The objectives of this study were to: 1) evaluate the relationship of sperm motility over
time at two different storage temperatures; and 2) determine if sample type (milt or spermic
urine) impacts the time and temperature decay rates for motility. Total motility of both milt and
spermic urine were found to drastically decrease within the first half-hour post-collection but
were maintained higher at 0°C, suggesting that both semen types should be stored at 0ºC and
used as early as possible for IVF and cryopreservation. Additionally, milt should be prioritized
past three hours post-collection when both sperm types are available due to its higher sustained
total motility, especially for overnight transportation between institutions. The mechanisms for
the higher sustained motility in milt and at 0C should be further investigated, including
temperature effects on enzymatic activity and ATP consumption, activation and inhibition
factors on motility, and effects of bacterial contamination in caudate sperm.
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Chapter III: Cryopreservation of salamander spermatozoa
Specific objectives of this chapter were to: 1) evaluate the effect of the CPAs, Me2SO,
DMF, and trehalose, on sperm motility pre-freeze; 2) determine if the addition of such CPAs are
beneficial to sperm survival following cryopreservation; and 3) examine if faster freeze rates can
overcome any negative effects of CPA exposure in order to enhance post-thaw survival. Our
results demonstrated a toxic effect of trehalose to sperm motility and the benefit of faster freeze
rates. Specifically, the toxic effects of trehalose on motility were evident immediately following
mixing with fresh sperm samples, although trehalose did appear to have a small benefit during
the freezing process as the addition of trehalose resulted in higher post-thaw motility. We
suggest that other non-destructive non-permeating CPAs, like sucrose or glucose, be tested to
reduce the toxic effects on initial motility. Additionally, findings in this study suggest a faster
freeze rate of -20 – 30ºC/min can be used to mitigate initial toxic effects of trehalose.
Chapter IV: Application of sperm collection and cryopreservation
The objectives of this study were to: (1) evaluate hormone-induced spermiation response;
(2) characterize sperm motility and concentration over time; (3) assess the utility of existing
cryopreservation approaches on post-thaw motility and morphology of newt spermatozoa; and
(4) measure the impact of the cryodiluent trehalose or different thawing temperatures on postthaw sperm parameters. Exogenous hormone protocols developed in the model species A.
tigrinum were successful in eliciting spermiation in two of the three newt species targeted.
Neither species exhibited any differences in sperm motility based on collection time, suggesting
sperm quality is fairly constant for the first day after administration of the resolving dose of
GnRH-a. Although a clear trend was not apparent for when milt or urine would be produced, it
does appear that milt was produced by the majority of animals within the first 30 minutes
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following hormone administration and again 24 hours later. Additionally, considering that milt
was found to have a sperm concentration 10 - 100x higher than urine, our results clearly showed
the importance of collecting within the first 30 min if the goal is to cryopreserve large numbers
of spermatozoa for future in-vitro fertilization efforts.
While recovered motility post-thaw was better in T. kweichowensis than in N.
meridionalis, this study established that protocols outlined in Marcec (2016) were successful in
preserving newt sperm through the cryopreservation process. Future efforts to maximize postthaw sperm recovery should explore different freezing rates or changing the composition of the
cryoprotectant medium. Results from this study indicate that thawing temperature significantly
impacts post-thaw motility in N. meridionalis samples, suggesting sperm should be thawed at a
faster rate (40°C) to maximize recovered motility. Additionally, the inclusion of the sugar
trehalose to the cryoprotectant solution did not appear to improve or decrease recovered motility
for either species, indicating that it was not necessary to include trehalose for bio-banking
samples from these species.
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APPENDIX A
VALIDATION OF VIABILITY STAINING TECHNIQUES
FOR CAUDATE SPERMATOZOA
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Introduction
Assessing sperm quality is necessary for developing and evaluating assisted reproductive
technologies. Currently, motility is mostly relied upon to estimate viability in salamanders
(Mansour et al., 2011; Marcec, 2016; Uteshev et al., 2015) but provides a lower boundary for
sperm survivability. Additionally, sperm motility within spermatophores varies among species
and optimum solutions to activate motility are still being explored (Mansour et al., 2011;
Marcec, 2016; A. Watanabe & Onitake, 2003). On the other hand, membrane integrity assays
based on organic dye permeability offer a higher estimate for fertilization potential. However,
dyes can be toxic and result in artificially low estimates, so validation is critical prior to use in
new species (Holman, 2009).
Viability Stain Types Investigated
Eosin B / Nigrosin
Eosin B / nigrosin (EN) is a dual viability stain used with light microscopy (Blom, 1950).
Eosin B penetrates compromised cell membranes, staining them pink/red and labeling them as
dead. Intact cell membranes exclude eosin B and remain white/clear, representing live cells.
Nigrosin is excluded from all cells and gives a darker background to differentiate sperm head
color. Neither stain is considered severely toxic and the typical drying process is considered to
fix the cells indefinitely.
SYBR-14 / Propidium Iodine
SYBR-14 / propidium iodine (PI) is another dual viability stain but requires fluorescent
microscopy with a red/green filter with excitation wavelengths of 400/360 (MolecularProbes,
2001). SYBR-14 is a permeable nucleic acid dye that stains all cells green. PI, a non-permeable
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nucleic acid dye, can only enter compromised membranes and stains them red. Any cell stained
red outside of the midpiece region is considered membrane compromised and therefore dead.
Both stains are potentially toxic and photosensitive so prepared slides should be evaluated
immediately after incubation.
Trypan Blue
Trypan Blue (TB) stain includes a single non-permeable dye that label
compromised/dead cells blue (Strober, 2001). TB is can also be potentially toxic and lead to the
gradual increase of damage to cells depending its concentration. Therefore, staining should be
assessed immediately following incubation.
Methods and materials
Exogenous hormone treatment and sperm collection
Sexually mature, male tiger salamanders were treated with GnRH-a as described in
Chapters 2 and 3. Sperm samples were collected in the form of milt or spermic urine as outlined
in Chapter 2.
Comparison of fresh motility and staining
Viability of sperm was assessed by motility, as described in Chapter 1, and staining,
immediately after each other, within 7 hours of initial collection. Stains were used following
manufacturer protocols.
Eosin B / Nigrosin
For EN (Morphology Stain, Society of Theriogenology), 10 µL of the pre-mixed stain
was placed as a droplet on a pre-warmed slide (incubated at 37°C). Next, 2 µL of sperm sample
was mixed into the droplet for approximately 5 seconds. The droplet was then smeared and
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allowed just enough time to dry at room temperature (20°C) before analysis. One hundred sperm
heads were counted at random, with pink cells classified as dead and white/clear heads
categorized as alive (Figure A.1).

Figure A.1

Eosin B/Nigrosin staining in caudate sperm.

Eosin-stained/dead cells labeled with pink heads while live cells retain a white-colored head.

SYBR-14 / Propidium Iodine
For dual SYBR-14/PI staining, both dyes were thawed from their frozen storage states
before use. SYBR-14 was diluted 1:1000 and PI 1:20 in 2% trehalose + 0.2% bovine serum
albumin (BSA) at room temperature. Sperm samples were diluted in 2% trehalose + 0.2% BSA,
as needed to allow for individual cells to be distinguished. A 40 µL aliquot of the sperm sample
was then mixed with 5 µL of each stain dilution and incubated at room temperature for 5 min.
Then, a 12 µL aliquot was placed on a slide and cover slipped. A hundred sperm heads were
counted at random with red cells classified as dead and green heads categorized as alive (Figure
A.2). Counts were replicated three times.
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Figure A.2

SYBR-14/PI staining in caudate sperm.

SYBR-14-stained/green cells are considered alive and PI-stained cells are dead if red outside of
the midpiece (*).

For staining with each dye individually, 45 µL of sperm sample was utilized and mixed
with 5 µL of the diluted dye and again allowed to incubate at room temperature for 5 min.
Subsamples were placed on slides as above. Then, 10 photographs were taken per coverslip at
10X magnification, 5 with the fluorescent light on and 5 of the same areas without the
fluorescent light. Images were then reviewed to confirm that SYBR-14 stained all cells and that
PI did not.
Trypan Blue
Multiple combinations of different incubation times and dilutions of the TB stain were
attempted but all cells always appeared blue, even motile cells (Figure A.3).
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Figure A.3

Trypan Blue staining in caudate sperm.

All cells appear blue so live and dead cells cannot be distinguished.

Confirmation of staining in dead sperm
Sperm was heat-treated at 70°C for 5 min or stored for at least a week and a subsample
was assessed to confirm there was no motility/living cells. Sperm samples were then stained
with SYBR-14/PI and TB and analyzed as described above.
Statistical Analysis
Paired t-tests were used to compare motility vs staining measurements and stained vs
unstained sperm numbers. Dead samples were visually inspected to ensure all cells stained pink
for EN and red for SYBR/PI.
Results and conclusions
Eosin B / Nigrosin
There was a significant difference (n = 10, p = 0.0313) between average motility and
non-stained cells in fresh sperm samples (Figure A.4), indicating that EN staining does give a
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higher threshold of viability than motility counts. All cells stained with Eosin B in dead samples
(n=5).

Figure A.4

Comparison of motility and Eosin B/Nigrosin staining.

Comparison of mean motility and viability from individual animals (n=10).

SYBR-14 / PI
There was not a significant difference between average motility and cells considered
alive in fresh samples when PI dye was used alone (n = 5, p = 0.4422). However, there were less
viable cells than motile cells when both dyes were used simultaneously (Figure A.5), indicating
an interaction of the dyes that caused cell death. All cells stained green with SYBR-14 in fresh
samples (n = 5, p = 0.1264) and red with PI in dead samples (n=5).
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Figure A.5

Comparison of motility and SYBR-14/PI staining.

Comparison of mean motility and viability from individual animals (n=10).

Trypan Blue
All cells appeared blue, including motile sperm, indicating high levels of permeability
and/or rapid toxic effects. Decreased concentration or incubation time should be considered to
alleviate toxic effects but may be below manufacturer standards.
Considerations and recommendations
EN staining should be used when milt samples are available. EN can only be used with
milt samples due to the need for a high concentration of sperm and requires a slide warmer but
appears to have has less toxic effects than other dyes and utilizes affordable bright-field
microscopy. Motility should be used to assess spermic urine samples or those too dilute to use
EN staining. Future attempts to use SYBR/PI and TB should consider lower concentrations or
shorter incubation times of PI and TB to decrease toxicity effects, but these may go below
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manufacturer standards. Additionally, SYBR-14 and PI are more expensive than EN and TB and
require costly fluorescent microscopy.
Effects of urine may be contributing to inaccurate SYBR-14/PI staining, but not enough
milt samples were collected to perform statistical analysis. Urine as a diluent results in the
highest motility but may be causing premature activation of sperm and leading to inaccurate
staining. Flow cytometry staining methods, especially those with non-toxic dyes, should be
considered and validated for use in salamander spermatozoa but are unavailable in our laboratory
at this time.
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APPENDIX B
IN VITRO FERTILIZATION: THE EFFECT OF CRYOPROTECTANTS
AND CRYOPRESERVATION
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Methods and materials
Experimental design and sperm treatments
A randomized complete block design was used to evaluate toxicity of cryoprotectants on
eggs and the fertilization capacity of cryopreserved sperm. Block was defined as individual
female and experimental unit classified as a petri dish of eggs. Due to the variation in the
production of eggs, petri dishes were averaged within treatment within block to keep replicates
even across blocks (n = 1 per trt per block). Each petri dish of eggs was treated with one of six
treatments (1) no sperm (parthenogenic control); (2) fresh milt diluted in aspermic urine; (3)
fresh milt in 10% Me2SO + 1% bovine serum albumin (BSA); (4) fresh milt in 10% Me2SO +
1% BSA + 10 % trehalose; (5) frozen-thawed sperm in 10% Me2SO + 1% BSA (6); and frozenthawed sperm in 10% Me2SO + 1% BSA + 10 % trehalose. Fresh milt was collected (see
Chapter 2 and 3) within 8 hours of in vitro fertilization (IVF) and diluted to 2 x 106 sperm/mL in
the aspermic urine or the cryosolutions immediately before application to the eggs.
Cryopreserved sperm had been frozen at 2 x 106 sperm/mL and height of 15cm ( - 11 –
15°C/min) above liquid nitrogen, as described in Chapter 3, for over a week and was thawed
directly before being pipetted onto the eggs. Attempts were made to keep the male donor of
sperm consistent within block but was unaccomplished.
Animals and exogenous hormone treatment
Sexually mature, terrestrial, female tiger salamanders (n = 5) were kept as described in
Chapters 1 and 2. Animals were ultra-sounded and graded for egg development (Marcec, 2016)
to ensure eggs were at an appropriate stage to be oviposited. Females were administered 4 IU/g
BW hCG and 0.1 µg/g BW GnRH-a to induce oviposition approximately 24 hours later. Once
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eggs were observed in holding containers, eggs were expressed by placing pressure evenly over
the entire abdomen. Forceps were utilized to gently guide the eggs into a petri dish and separate
them from the body of the female. Researchers attempted to place about 20 eggs into each petri
dish until no more could be expressed, however, total eggs per petri dish ranged from 8 to 47.
Egg expression was attempted every hour from the beginning of oviposition for approximately 8
hours, afterwards individuals were allowed to finish egg laying naturally and returned to their
home tanks three days following the start of oviposition.
In vitro fertilization protocols and egg evaluation
Once eggs were placed into the petri dish, roughly 20 µL of sperm sample was applied to
every 10 eggs with a micropipette (Marcec, 2016). After 10 min of exposure to sperm, the dish
was slowly flooded with dechlorinated tap water. Eggs were counted and assessed for quality
and cleavage 8 – 24 hours post-fertilization and every additional 24 hours for further stages of
development (neurula, tailbud, and hatching) until all embryos hatched or decomposed.
Damaged eggs were subtracted from the total number of eggs to calculate the number of
fertilizable eggs. Percent of eggs to reach each developmental stage was then calculated from
the number of fertilizable eggs. Fresh water was supplied and damaged or decaying eggs were
removed from dishes daily.
Statistical analysis
Assumptions of normality and homogeneity of variance were checked using the ShapiroWilk test and visual inspection of residual plots, respectively. Raw data were the most uniform
compared to transformations, therefore, data was not transformed. Differences between the
means were considered significant at p < 0.05 and all data are presented as mean ± SEM, unless
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otherwise noted. Statistical analysis was conducted using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA).
Percent of eggs cleaved (%), to reach neurula (%), tailbud (%), and to hatch (%) were
analyzed with an ANOVA through the GLM procedure. The model statement included
individual and treatment.
Results
No eggs were fertilized from the parthenogenic or cryopreserved treatments. All fresh
sperm treatments showed fertilization significantly higher than parthenogenic and cryopreserved
treatments but were not different from each other (Figure B.1). Nor were fresh sperm treatments
different for percent eggs reaching neurula. However, fresh sperm diluted with 10% Me2SO +
1% BSA demonstrated a higher percentage of eggs that reached tailbud or hatch than all other
treatments, signifying that this CPA combination aids in the development of caudate embryos.
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Figure B.1

Growth of IVF eggs.

Percentage of eggs to cleaved, reach neurula, tailbud, and hatch, with fresh sperm diluted in
urine (light bars), 10% Me2SO + 1% BSA + 10% trehalose (medium bar), and 10% Me2SO + 1%
BSA (dark bar).
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